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Fundamental studies of mixed gas plasmas in ICP-MS 
ABSTRACT 
Michael J Ford 
Inductively coupled plasma - mass spectrometry is widely accepted as the leading 
technique for trace element analysis. It suffers however, from a range of interferences 
both spectral and non - spectral which limit the range of analytes and substrates which 
may be successfully analyzed. This study has investigated the use of mixed gas 
plasmas as a means of reducing or removing these interference effects. In addition the 
use of mixed gas plasmas for sensitivity enhancement has been assessed using both wet 
and dry sample introduction systems. Simplex optimization procedures have been used 
throughout. 
The addition of nitrogen to all three argon gas flows of the ICP was evaluated, and the 
instrumental operating conditions were optimized to allow for the maximum removal 
of the A r C r interference on As and Se. The addition of nitrogen to the nebulizer gas 
was particularly effective in the removal of the A r C r . The use of nitrogen addition 
also facilitated the determination of arsenic in samples where it was previously found 
to be impossible. 
The addition of methane was also applied to all three gas flows of the ICP, however, 
in this case only the addition to the nebulizer gas was successful in removing 
interferences. These included ArO"-, CIO* and CeO* in addition to A r C r . Detection 
limits, recoveries and CRM analysis were all improved by the use of methane addition 
when compared to nitrogen addition or standard argon plasmas. 
Hydrogen addition was applied solely to the nebulizer gas and found to significantiy 
increase the magnitude of the interferences from argon based polyatomic ions, whilst 
reducing those from metal oxides. The addition of hydrogen was useful in reducing 
MO* interferences, but the removal of other interferences proved unsuccessful. 
The addition of ethene to the nebulizer gas has been used to remove many of the 
polyatomic interferences encountered in ICP-MS, including those based on Na, S and 
P. Ethene addition was as effective as, and usually better than, the addition of both 
methane and nitrogen. Detection limits, recoveries, calibrations and CRM analysis 
were all improved by its use. The use of ethene addition has lead to improvement in 
the determination of As, Cu, Fe, Gd, Ni , Se, and V in the presence of the relevant 
interference precursors. Most importanUy it has been shown that a whole range of 
interferences can be reduced simultaneously with the addition of ethene. 
The plasma operating parameters and ion optics settings of a commercial ICP-MS 
instrument were optimized to yield maximum SBRs for elements across the mass range. 
It was shown that simple manual tuning of the instrument did not effect the SBRs, 
when compared to the simplex optimized conditions. Finally it was shown that the 
addition of molecular gases to the ICP, did not result in any signiflcant improvements 
in sensitivity, when compared to the all argon system. 
Finally it has been shown that the addition of a relatively small amount of hydrogen 
to the nebulizer gas can lead to an enhancement in the signal obtained using laser 
ablation sampling. This enhancement was greatest for low mass elements and had no 
effect on the heavy mass element signal. 
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CHAPTER ONE 
INTRODUCTION 
CHAPTER ONE: INTRODUCTION 
1.1 General introduction 
1.1.1 The history and development of inductively coupled plasma - mass 
spectrometry. 
The inductively coupled plasma (ICP) used in the analytical instruments of today can 
trace its origin to 1961, when Reed* described the first ICP torch with flowing gases 
at atmospheric pressure. The potential of the ICP as an atom cell for atomic emission 
spectrometry (AES) was quickly realized by Greenfield ei al? and Wendt and Fassel^  
who both reported on its possibilities in 1964. Both groups recognized the potential 
of inductively coupled plasma - atomic emission spectrometry (ICP-AES), to become 
a useful tool for simultaneous multi-element analysis. Over the period from the 
publication of these papers to the release of the first commercial ICP-AES instruments 
in 1975 a number of papers were published that further characterized and defined the 
capabilities of the ICP*"^  Since the initial commercial release, the number of ICP-AES 
instrument manufacturers has increased rapidly with several thousand laboratories now 
using such facilities^. 
It is perhaps ironic that even before the commercial launch of the first ICP-AES 
instruments, work was already under way developing what is now generally considered 
to be its successor. As early as 1974 Alan Gray had produced spectra using a capillary 
arc plasma - mass spectrometry system (CAP-MS)*° with detection limits in the ng cm'^  
to sub ng cm*^  range. The CAP was not an ideal ion source for mass spectrometry and 
was replaced by the ICP during the collaborative work undertaken by Sam Houk in the 
USA and Alan Gray in the UK. The first success in inductively coupled plasma - mass 
spectrometry was reported by Houk et a/." in 1980 and later by Date and Gray*^ •*^  
Since this time ICP-MS has experienced the same rapid growth as seen with ICP-AES. 
The first commercial instruments appeared in 1983, and now there are at least six 
manufacturers of ICP-MS systems. The original quadrupole based ICP-MS instrument 
has now been developed even further by FI Hemental (formerly VG Elemental) firstly 
with the introduction of high resolution magnetic sector based instruments, and more 
recently with an advance of that design to incorporate multiple detectors for true 
simultaneous analysis. 
1.1.2 The inductively coupled plasma - mass spectrometer: system setup and 
operation 
The ICP, the ion source in ICP-MS instruments, is generated by coupling the energy 
from a radio frequency generator to an appropriate gas, i.e argon, flowing through a 
quartz glass torch. The standard Fassel type torch is shown in Figure 1.1. The radio 
frequency energy is transferred to the plasma via a two or three turn water cooled 
copper load coil which surrounds the top of the torch, with the energy delivered at 
between 1-3 kW and at a frequency of 27.12 or 40 MHz depending on the 
manufacturer. The ICP is initiated by seeding the gas with electrons from a spark. 
These electrons are then accelerated in the magnetic field and cause ionization of some 
of the gas atoms. Collisions cause further ionization, and the plasma rapidly becomes 
self sustaining. Collisional energy exchange leads to heating of the neutral gas species 
and temperatures of 8000 - 10000 K are achieved in the plasma. The plasma is not, 
however, in local thermal equilibrium (LTE), and as a consequence excitation, 
ionization and gas temperatures have different values. The innermost of the three gas 
flows of the ICP, the nebulizer or injector gas, is used to punch a hole in the base of 
the plasma, and samples are introduced through this hole. This region is cooler than 
Figure 1.1: Schematic of standard ICP torch 
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the rest of the plasma, but at 5000 - 6000 K is hot enough to atomize most samples, 
and to cause varying degrees of ionization of its constituent elements depending on 
their first ionization energy (Le, nitrogen first ionization energy 14.5 eV is 0.1% 
ionized, gold 9.3 eV is 51% ionized and sodium 5.1 eV is 100% ionized'^ -*'). 
Sample introduction to the ICP is usually achieved with the sample in the liquid phase. 
The sample is pumped via a peristaltic pump to a nebulizer where an aerosol is 
generated. Various nebulizer designs exist and include the concentric glass or 
Meinhard nebulizer, the cross flow nebulizer, the de Galan nebulizer and the Babington 
type nebulizer of which the Ebdon nebulizer is a variety. The aerosol is then passed 
through a spray chamber where all but the smallest droplets (about 2%), pass to waste. 
The spray chamber is required because these larger droplets would cause signal 
fluctuations, plasma instability and eventuaUy could extinguish the plasma. The 
standard sample introduction system is shown in Figure 1.2. Whilst aqueous sample 
introduction is the most common and perhaps the most simple method of sample 
introduction, other techniques are also widely used. Liquid sample introduction can 
also be performed with organic solvents either directly*^ " or following some form of 
solvent removal*^ *^ . Solvent removal has also been applied to aqueous samples^ °*^*. 
The introduction of gaseous samples to the ICP has also been performed using hydride 
generation"'^ and the direct analysis of gases". The analysis of solid samples employs 
either vaporization of the sample i.e. electrothermal vaporization^*"" or laser ablation^ **" 
or direct analysis i.e. direct insertion**"^ * or slurry nebulization""***. 
Once the sample has entered the plasma it is desolvated and vaporized. The constituent 
elements are then dissociated, excited and ionized. The use of an ICP as an ion source 
for mass spectrometry has several intrinsic problems because the plasma operates at 
Figure 1.2: Sample introduction system 
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atmospheric pressure and the mass spectrometer operates under high vacuum. This 
problem is overcome by the use of a two stage, rotary pumped interface, the modified 
design of which are shown in Figure 1.3. The interface consists of two nickel cones 
enclosing an intermediate pressure region between the plasma and the mass 
spectrometer. Ions are first extracted through the sampler cone and the resultant ion 
beam extracted through the second cone, known as the skimmer cone. This method 
of ion extraction, where ions are extracted directly from the plasma is known as 
continuum sampling, and is a development from the initial design, boundary layer 
sampling. Boundary layer sampling, so called because ions were extracted from a cool 
layer which formed over the sampling cone, was the method used in the first ICP-MS 
papers" *' and was a result of the small apertures used in the sample cones by these 
workers. Boundary layer sampling had a number of problems associated with it, 
particularly the formation of oxides of refractory elements. 
Once the ions have been extracted through the skimmer cone, they pass through a 
series of electrosutic lenses, which serve to focus the ion beam before passing into the 
quadrupole mass filter. The quadrupole then separates the ions with respect to their 
mass to charge ratio the denominator of which is normally one. The ions are 
detected using an electron multiplier, the data from which is transferred to a computer, 
via a multi channel analyzer. Once stored on the computer the data can be manipulated 
as appropriate. The complete ICP-MS instrumental system set-up is summarized in 
Figure 1.4. 
1.1.3 Strengths and weaknesses of ICP-MS 
Various features of ICP-MS are compared with rival techniques in trace elemental 
analysis, such as ICP-AES and graphite furnace - atomic absorption spectrometry (GF-
Figure 1.3: Schematic of modified ICP-IVIS instrument interface 
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AAS), in Table 1.1. It can be seen that ICP-MS has both a number of advantages over 
its rival techniques but, also some disadvantages. Some of these aspects are considered 
below. 
The coupling of the highly efficient ICP ion source with the sensitivity and selectivity 
of the mass spectrometer, means that the ICP-MS is a highly sensitive instrument with 
detection limits for many elements in the ng dm'^  or sub ng dm'^  range. These 
detection limits are, for most elements at least three orders of magnitude better than 
ICP-AES, and better than or equivalent to detection limits obtainable with GF-AAS. 
Some examples of this are summarized in Table 1.2. In addition to being sensitive the 
technique has a linear calibration range of at least 6 orders of magnitude, which is far 
superior to that obtainable with GFAAS. Another key advantage of the ICP-MS is the 
semi-quantitative (SQ) facility, not found on comparable instrumentation. The SQ 
facility allows the operator to measure the concentration of over 60 elements, in under 
60 seconds, to within a factor of 2 or 3 of the true value. This feature allows for 
dilution steps to be assessed and for target elements to be identified. Another feature 
of the quadrupole mass spectrometer is multi-element analysis, with the possibility of 
fully quantitative calibrations for elements across the mass range. ICP-AES also offers 
a multi-element facility but this is limited by the monochromator or polychromator 
used. GF-AAS is very much a single element technique and as a result the sample 
throughput is far lower than for the ICP techniques. 
The ICP-MS is extremely flexible with respect to sample introduction, being able to 
admit samples as gas, liquid, or solid. Manufacturers now offer laser ablation and 
ETV accessories for solid sample introduction into the ICP-MS, and hydride generators 
for gaseous sample introduction. Whilst the ICP-AES also has these options available 
they have been less extensively exploited commercially. GFAAS can take samples as 
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T A B L E 1.1: A comparison of various features of ICP-MS, ICP-AES and GFAAS 
Technique 
Parameter 
ICP-MS ICP-AES GF-AAS 
Sensitivity/ng cm*-* 0.0001 - 1.0 100- 10000 0.001-1.0 
Precision/% ± 5 - 1 0 ± 1 -5 ± 5 - 1 5 
Linear calibration range 10* 10* 
Multi/single element(ME/SE) ME; up to 60 elements in single 
aquisition, quasi-simaltaneous 
ME; up to 20 elements in a single 
aqusition. sequential or simaltaneous 
SE; sequential analysis of up to six 
elements possible 
Sample phase/volume Gas/1-1000 cm' min ' 
Liquid/0.1 - 2 cm"' min ' 
Solid; Slurry/O.OOl-O.OIg min ' 
ETV/1 .5mg 
Liquid/0.1-2.0 cm' min ' 
Solid; Slurry/O.OOI-O.Olg min ' 
Liquid/5 - 100/iL 
Solid/1 - 5mg 
Sample throughput Continuous/60 samples per Hr Continuous/60 samples per Hr Discontinuous/ 10 samples per Hr 
Capital cost/running cost £200k/5k per annum 70k/ 4k per annum 60k/Ik per annum 
Intereferences Spectral: Isobaric, Polyatomic 
species. Non-spectral: Mass bias 
effects and ionization suppression 
Spectral: Line overlap 
Non spectral: Ionization 
suppression 
Background absorption 
Carbide and chloride formation 
TABLE 1.2: D^ection limits (3? ng cm'^ claimed by instrument manufacturers for ICP-MS 
and ICP-AES, and also for GFAAS^, for selected elcxnoits 
Technique 
Element 
ICP-MS ICP-AES GFAAS 
U <0.001 0.6 0.05 
B 0.01 - 0.001 1.5 — 
Na 0.01 - 0.001 1.0 0.002 
S >10.0 20.0 ,— 
Ca 0.1 - 1.0 0.03 0.2 
Fe 0.01 - O.I 1.5 0.03 
Co <0.001 5.0 0.05 
As 0.001 - 0.01 12.0 0.06 
Rb <0.001 3.0 0.1 
Cd 0.001 - 0.01 1.5 0.001 
Te 0.01 -0 .1 27.0 — 
U 0.001 - 0.01 0.02 
Lu <0.001 0.05 — 
Au 0.001 - 0.01 6.0 0.1 
Hg <0.001 8.5 1.0 
Pb <0.001 14.0 0.02 
U < 0.001 18.0 
ICP-MS data obtained in multi-element mode with lOs integrations, data from VG Elemental product 
literature*' 
ICP-AES data from Varian literature*^ 
GFAAS data from Ebdon*^ 
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liquid or solid, sample loading is, however, time consuming and awkward. 
The advantages of ICP-MS over competitive techniques has resulted in its r ^ i d 
plicat ion in a wide range of fields. ICP-MS is now used in many areas including: 
* Biomedical*^, i.e. analysis of body fluids for toxic metal levels or for vital 
trace elements 
* Geological*^**, i,€. analysis of potential ore materials or for isotope ratio 
measurements for dating rocks 
* Nuclear industry* "^'*, where the sensitivity and speed of analysis make it more 
favourable than traditional techniques, for the analysis of radioactive 
materials or dosimetry of nuclear industry workers 
* Water Industry, where high sample throughput and multi-element capabilities 
make it well suited to the analysis of potable waters 
* Chemicals and petroleum industries use the ICP-MS for both routine and more 
specialized applications^^ " 
* Environmental applications are increasingly being reported^^**, with 
organizations such as the National Rivers Authority recently purchasing 
instruments 
* Higher education establishments are also starting to acquire instruments with a 
view to performing both fundamental and applied research 
Whilst ICP-MS has a number of distinct advantages over competitive techniques, it is 
still some way from being the ideal analytical technique and has some notable 
drawbacks. Firstly it is an expensive instrument, both to purchase and to maintain. 
An ICP-MS instrument typically costs £200K, with accessories ranging from £3K to 
13 
£20K and running costs in the region of £5K per annum. This is some two to three 
times the cost incurred in buying and running an ICP-AES or GF-AAS instrument. In 
addition to these costs an ICP-MS instrument, i f it is to function at its best, needs to 
be kept in a controlled environment laboratory, and this can be expensive. 
Undoubtedly the biggest problem of ICP-MS t^he occurrence of interferences and these 
are considered below. 
1.1.4 Interferences in ICP-MS 
Interferences are defined as either spectroscopic or non-spectroscopic. Spectroscopic 
interference's (Sis) occur when two or more isotopes or molecular species occur at the 
same mass, or when the mass to charge ratio is greater than one, e.g. M "^*". 
Spectroscopic interferences generally lead to an enhancement in the apparent analyte 
signal. Whilst this form of spectroscopic interference is less complicated than with 
emission or absorption spectroscopy, owing to the simpler nature of the spectrum 
produced, they are no less of a problem. Non-spectroscopic interferences (NSIs) are 
those which are not specific to one particular element, tend not to be apparent in the 
spectrum and usually involve a suppression of analyte signal. NSIs are related to 
ionization suppression and mass bias effects in the plasma, and to variations in sample 
introduction and nebulization rates: these are often collectively called 'matrix effects'. 
1.1.4.1 Spectroscopic interferences in ICP-MS 
Spectroscopic interferences are of three broad types: isobaric interferences, doubly 
charged species and polyatomic ion interferences (PIIs). Isobaric interferences occur 
when two or more of the elements that are being determined have isotopes at the same 
nominal mass. Some examples of these isobaric interferences are shown in Table 1.3 
and the isotopic overlap of Cd and Sn is shown in Figure 1.5. In practice isobaric 
interferences are not a problem as, with the exception of In Hz 113 and 115), all 
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TABLE 1.3: Examples of isobaric interf^ erenecs encounto^ m ICP-MS" 
Isotope Isobahc overlap 
(0.02) ^Ar (0.34) 
*K (0.01) *Ar (99.6) & *Ca (96.9) 
*V (0.25) »Ti (5.30) & » C r (4.35) 
" N i (0.95) **Zn (48.9) 
*"Sr (0.56) "Kr (57.0) 
' '*Zr(I7.I) ' ^ o (14.8) 
"Mn (95.7) "^Sn (0.35) 
'"Te (4.60) '^Sn (5.8) & '"Xe (0.01) 
'^'Nd (5.7) '^ 'Sm (11.2) 
'*°Gd (21.7) '®Dy (2.30) 
•'"^ Lu (2.6) '™Yb (12.7) &'™Hf (5.20) 
"*Pt(25.3) '*Hg (0.15) 
="Pb (1.4) ^ H g (6.8) 
Values in brackets are isotopic abundances 
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Figure 1.5: Mass spectrum showing isotopic overlap of cadmium and tin 
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elements have at least one mass which is free from isobaric overlap. 
Interferences that occur when the ionic charge is greater than one are commonly 
referred to as doubly charged ion interferences, this is because they almost exclusively 
have an ionic charge of two. Doubly charged ions are common for elements with a 
low second ionization potential, such as barium, which with a value of 10.0 eV, forms 
approximately 3.2%" or 4.1%^^ Ba^*. The alkaline earth elements, the rare earth 
elements and elements such as U and Th are most likely to form M^* species. The 
problem of M^^ formation is further exacerbated i f the interferent precursor is present 
in high concentrations, which is often the case with the rare earth elements in 
geological samples. The range of M "^*" interferences is demonstrated in Table 1.4, and 
also in Figure 1.6, which shows the spectrum obtained from doubly charged rare earth 
elements. 
The third form of spectroscopic interferences, PIIs are far more of a problem than 
isobaric interferences and can be much more difficult to overcome. Polyatomic ions 
are, as their name suggests, molecular species which are formed in the plasma and 
interface region of the ICP-MS. These are a particular problem below "/^ 80,^ ***. 
These polyatomic ions typically come from precursors in the argon support gas, 
entrained atmospheric gases (N,0) or from the sample matrix (O, OH, CI, S, P, Metal 
matrix elements). Common examples of PIIs are given in Table 1.5 although this is 
by no means an exhaustive list. PIIs can be placed into several groupings; oxides i.e. 
ArO*, CIO*, M O ^ hydroxides i.e. ArOH*, C10H% MOH*, hydrides i.e. A rH* , 
M H * ; argides typically MAr*. Therefore their occurence wil l depend on the sample 
composition with regard to both the solute and the solvent. 
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TABLE 1.4: Commonly observed * ions in ICP-MS and the affected isotopic spedes* 
M^* Species Affected isotope 
**Ca (2.06) 
'^Ga (60.2) 
'*Ce^* ^ e (20.5) 
"Se (7.58) 
"Rb (72.2) 
"«Sr (82.5) 
"*Sn (14.2) 
'"Sn (8.58) 
Values in brackets are isotopic abundances. 
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TABLE L5: Common polyatomic int^erences and affected elemaital isotopes**** 
Polyatomic interference Affected isotope 
'*0 (0.20) 
"Si (4.7) 
**Ca (2.08) 
"ArC* ^ r (83.8) 
^ArN* **Fe (2.36) 
«ArO* »Fe (91.7) 
"AiOH* "Fe (2.14) 
"ArCO* "Zn (18.6) 
"ArCr "As (100) 
^^Ari* '^^ Se (7.7) 
«°Ar/ *"Se (50.0) 
'*°ArCu* '*°Rh (100) 
'**Sm (22.8) & '**Gd (2.2) 
'"BaOH* '"Gd (14,9) 
'«'HoO^ '^'Ta (99.9) 
"^LuO" "^s (41.0) & " ^ t (0.78) 
"*Es & ^ C f 
Values in brackets are natural isotopic abundances 
* Radioactive isotopes 
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Figure 1.6: IVlass spectrum of doubly charged rare earth elements 
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M E 
Particularly problematic PIIs are those which interfere with mono-isotopic elements /.c. 
"ArCr on "As"" and ^"'CuAr"' on '"^Rh*. Other problematic elements are Se and Fe 
as they have interferences on most of their isotopes, as shown in Table 1.6. 
The problem of spectroscopic interferences can be dealt with in two ways: either 
attempt to remove them or correct for them. As has been discussed, isobaric 
interferences are not particularly a problem, so the following discussion is most 
relevant to M^* interferences and PIIs. 
Clareful setting of the instrumental parameters of the ICP-MS has been shown to reduce 
the relative levels of interferences****"-"^, and those of most importance have been 
shown to be the nebulizer gas flow and the forward power. The exact setting of these 
parameters varies according to the interference and the make of the instrument. 
Alternative sample preparation is one means of removing PIIs. This may be as simple 
as changing the dissolution media in order to remove the interference precursors from 
the plasma system. In general nitric acid is favoured as a dissolution media as it gives 
rise to the simplest spectra**', digestion media such as hydrochloric, sulphuric and 
phosphoric acids all give rise to a wide range of interferences*' " . The use of 
alternative sample digestion media is not always possible, particularly in geological 
samples. One possible answer to this problem has been the use of slurry nebulization"" 
where the sample is introduced as a finely ground solid in suspension and so 
avoiding the need for sample dissolution. Alternative sample preparation also takes the 
form of precipitation and solvent extraction'^^. Co-precipitation is used to remove the 
matrix i f this is causing the interference i,e, chloride in biological samples^" 
precipitated with silver. Solvent extraction is used to remove the analytes from the 
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Table 1.6: Polyatomic ion interferoice of iron and selenium 
Affected isotope Interferoit ion 
^Fe (5.8) **Cr (2.36) & **ArN 
*^ Fe (91.7) «ArO 
"Fe (2.14) "ArOH 
"Fe (0.31) «Ni (67.8) 
'*Se (0.9) '*Ge (36.4) 
™Se (9.0) '•^ Ge (7.7) & ^ATJ 
"Se (7.5) "ArCI 
™Se (23.5) (0.35) & "Ar i 
«*Se (50.0) »Kr (2.25) & "'Ari 
"Se (9.0) ^ (11.6) 
Values in brackets are isotopic abundances 
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matrix prior to analysis^ ' ' , but like precipitation techniques is time consuming and can 
lead to contamination problems. An alternative to the above is the use of on-line 
techniques such flow injection analysis, in conjunction with chelating^**^ or ion 
exchange resins^^ or chromatographic techniques"**^. These ran be used, to both 
preconcentrate analytes or remove the matrix, or to separate the analytes from the 
interference temporally. 
As has already been discussed, ICP-MS has the ability to accept samples in gas, liquid 
or solid states, and the ability to modify the sample introduction can be utilized in the 
removal of interferences. Reducing or removing water vapour and hence the O* and 
OH* levels can be simply achieved by cooling the spray chamber"-", though more 
elegant and efficient techniques exist based on peltier coolers*^", membrane 
separators**'^ *•^ ^ and heater/cooler devices^^* .^ The removal of water causes a big 
reduction in oxide and hydroxide interferences. Desolvation techniques can also lead 
to a reduction in the levels of other interferences, such as A r C r , particularly i f the 
interference precursor is in a volatile form i.e. HCl" . Desolvation is now offered 
commercially by Fisons instruments with their Mistral system.™ 
Other alternative sample introduction techniques which lead to a reduction in PIIs are 
also used. Hydride generation^'^ separates analytes from the matrix by introducing 
them in a gaseous form, and this has been used particularly for improving As and Se 
analysis. Electrothermal vaporization (ETV)^*"^^, laser ablation^^", and direct 
insertion devices (DIS)^ '" all are of benefit as they introduce the sample to the plasma 
in a dry form and hence oxide and hydroxide interferences are reduced. Electrothermal 
vaporization and DIS do, however, suffer from increased memory effects, particular 
i f a modifier is used for ETV. Electrothermal vaporization is also difficult to optimize 
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due the transient signal produced. Laser ablation also has the problem of being 
difficult to standardize. 
Mathematical correction techniques'* '^'" '^ have been used based on either simple 
calculations using the isotopic abundances of the interference precursors {i.e. correcting 
for "ArCr by measuring ^ArCl*) , or more elaborate multivariate techniques. Also 
available, though more expensive is the high resolution ICP-MS which uses a magnetic 
sector mass spectrometer capable of separating analytes and polyatomics with the same 
nominal mass^ '^^ . Another option is to change the plasma source and the most common 
alternative is the helium microwave induced plasma^^. The use of helium removes 
all of the Ar based interferences and also allows more effective analysis of difficult to 
ionize elements by virtue of its higher first ionization potential. Low pressure MIPs'^ 
and ICPs*°° have also been used to reduce interferences levels. 
More recently attention has been turned towards the use of mixed gas or alternative gas 
plasmas, to reduce PIIs. Of the latter helium ICPs have been investigated**** ***^  and 
would offer the same advantages as the He-MIP. Helium ICPs are difficult to initiate 
and sustain and little further research has been undertaken. Mixed gas plasmas are 
formed when a molecular or monatomic gas is bled into, or replaces one of the three 
gas flows of the ICP This is further discussed in Section 1.2 which reviews the use 
of mixed gas plasmas-in the field of ICP-MS for interference removal and also their 
use in sensitivity enhancement studies, organics analysis and for fundamental studies. 
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1.1.4.2 Non-spectroscopic interferences in ICP-MS 
The effects of sample matrices in ICP-MS, often referred to as 'matrix effects', are 
collectively known as non-spectroscopic interferences and usually lead to a suppression 
of analyle signal. As was rightly pointed out by Evans and Giglio**°, in their review 
of the occurrence and removal of interferences in ICP-MS, non-spectroscopic 
interferences are of most concern with respect to their effect on the sampling and 
tuning of ions in the ICP-MS, rather than their effect on sample transport and 
nebulization. The latter effect has been extensively studied with reference to ICP-AES, 
and is the subject of a review by Sharp** .^ Matrices tend to alter the viscosity, density, 
surface tension, evaporation rate and vapour pressure of the solvent, and with all other 
parts of the sample introduction system being equal, changes in sample delivery rates 
occur and hence interfere with or suppress the signal. To overcome this there is a need 
to matrix match samples with standards. 
The presence of a easily ionizable elements (EIEs) can lead to enhancements in analyte 
signal***^ *'"* but usually result in severe suppression of analyte response*°^ *°^  '°^. This 
effect is particularly severe i f the matrix is a heavy element with a low ionization 
potential, and i f the affected element is one of low mass. The role of the EIEs in 
suppressing analyte signal has recently been attributed to the effects of space charge'**' 
within the ion optics. This effect occurs due to the loss of the negatively charged 
electrons in the ion optics which are designed to focus positively charged ions. This 
loss of electrons leads to repulsion between the remaining positive ions and this 
repulsion is most pronounced for the light elements. The presence of heavy matrix 
elements increases this repulsion further deflecting light elements from the centre of 
the ion beam. 
Overcoming the problems of matrix induced non-spectroscopic interferences can be 
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dealt with similarly to the problem of spectroscopic interferences: that is remove the 
matrix or remove its effect. Internal standardization has been used widely to correct 
for the effects of matrix elements'^ "^"^ and it is accqjted that for best results the 
internal standard should be as close as possible in mass and ionization potential to the 
analytes of interest. Similarly to PIIs, non-spectroscopic effects can be reduced by 
judicious setting of the operating parameters of the ICP-MS'" ' " ' " . This has been 
taken a step further by Evans and Caruso'" who simplex optimized the ICP-MS ion 
optics in order to reduce the effect of 10000 fig cm'^ U on indium. They found the 
extraction lens to be most critical in reducing this effect. Mixed gas plasmas have also 
been explored to reduce matrix effects with some success"^"* and this is discussed 
further in Section 1.2. 
Removal of the matrix from the sample is the alternative to correction for its effects 
and these methods are similar to those discussed above with reference to removing 
spectroscopic interferences^"^**-^''"'"*. Flow injection"^'^ is possibly the most 
important and useful of these methods. 
1.2 The use of mixed gas plasmas in ICP-MS: A review 
The use of mixed gas inductively coupled plasmas, that is where the plasma is not 
solely composed of argon, has been of interest since the early days of inductively 
coupled plasma atomic emission spectrometry GCP-AES). In one of the first papers 
on the subject Alder and Mermet*^ discussed the use of Ar - methane, Ar-Sulphur, Ar-
Phosphorus and Ar-halogen plasmas in ICP-AES to assess their analytical utility. 
From that time onwards there was a great deal of interest in the use of mixed gas 
plasmas for ICP-AES and these papers were covered in a major review by Montasser 
and Von Hoven'^ * .^ 
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Mixed gas plasmas in ICP-MS are increasingly used to improve the performance and 
applicability of ICP-MS in a range of ways. Possibly the area that has been most fully 
explored is in the removal of interferences in ICP-MS, both spectral and non spectral. 
Spectral interferences in ICP-MS occur when two or more species exist at the same 
ratio and are hence detected as a single peak and this is particular a problem i f the 
overiapping peak is a molecular species or a species where the charge is greater than 
one. Such polyatomic ion interferences and doubly charged species have been well 
documented***^, as have methods for their removal such as; hydride generation^, laser 
ablation^^ or electrothermal vaporization^** sample introduction, desolvation*^, 
chromatographic techniques^ or mathematical correction'*. The use of mixed gas 
plasmas for the removal of spectroscopic interferences is both cheap and simple, hence 
its popularity. Non spectral interferences, those associated with matrix induced ion 
suppression, have also been dealt with by the use of mixed gas plasmas. 
Enhancements of analyte signal is often of interest in ICP-MS, in order to improve 
signal to background ratios and detection limits and again many means of achieving this 
exist, such as; improving the ion optics*" or by introducing more sample into the 
plasma via ultrasonic nebulization*" or desolvation*^. Enhancements have also been 
achieved with mixed gas plasmas, with hydrogen and helium of most interest. The 
analysis of organic solvents also requires mixed gas plasmas by virtue of the need to 
add oxygen to prevent carbon deposition on the cones. 
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1.2.1 The use of mixed gas plasmas for the removal of spectroscopic interferences 
1.2.1.1 The addition of nitrogen 
The addition of nitrogen for the removal of interferences has been undertaken with the 
nitrogen added to the nebulizer gas"^ * ^ ' " , the intermediate gas*" and the outer 
g^88.i32.i33.i38.i4o addition nitrogen has been added to the argon gas inlet*^* **^  and 
as a sheathing gas flow around the nebulizer gas*^^  There is a dichotomy of opinion 
as to whether the addition of nitrogen should be added to the nebulizer or the outer 
gas, but it has been established that the addition of nitrogen to the intermediate gas*" 
is of no analytical value. 
In the first publication on the use of mixed gas plasmas, Evans and Ebdon*^ ** added 
0.03 dm' min * nitrogen to the nebulizer gas and found that it greatly reduced the levels 
of " A r C r , ^ArCl"*" and ^^ArAr* and hence reduced their interfering effect on arsenic 
and selenium. Using the ratio of the observed concentration to actual concentration 
of these elements, the authors compared standard operating conditions with nitrogen 
addition operating conditions. It was found that with the standard conditions, the ratio 
for arsenic increased from 2.45 to 13.8 with increasing hydrochloric acid 
concentration, and that selenium increased from 8.8 to 74.5. The addition of nitrogen 
to the plasma caused the ratios to be reduced to the range 0.97 to 1.25 for the two 
elements: a vast improvement. In a follow-up paper''* the same authors investigated 
the effect of the nebulizer gas on levels of various polyatomic species with and without 
the addition of nitrogen to the nebulizer gas, and also the effect of nitrogen at various 
powers and the effect of increasing nitrogen in the nebulizer gas. It was found that the 
indium response was suppressed by the addition of nitrogen as was the response of the 
polyatomic ions, which were found to be lowest at the highest nebulizer gas flows. In 
addition to the A r C r and ArAr^ interferences the authors reported a reduction in the 
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levels of ArO*, ArOH*, C C r and C l j* . 
Lam and Horlick'^ were the first authors to publish data on the addition of nitrogen 
to the outer gas flow, in a paper that also included some limited results for the addition 
of nitrogen to the nebulizer gas flow. In this paper they recognized the need to re-
optimize the nebulizer gas flow to account for the addition of nitrogen. When nitrogen 
was added to the outer gas the plasma shrunk and hence the nebulizer gas had to be 
increased to recover the analyte signal, the opposite is found with the addition of 
nitrogen to the nebulizer gas"°**^* where the central channel of the plasma expands. 
The authors found that the addition of nitrogen could be used to attenuate the levels of 
MO* and looked particular at LaO"*^ . With the addition of 20% nitrogen to the outer 
gas the levels of LaO* were considerably reduced with the LaO*/La* ratio being 
reduced from 37% to 2%, as long as the nebulizer gas flow was re-optimized. The 
addition of nitrogen to the nebulizer flow, again at 20%, also led to a virtual 
elimination of the LaO* signal. The reduction of levels of ArO"", ArOH"*", ArCr and 
ClO"*^  by an order of magnitude, using a 20% Nj-Ar plasma was also reported, 
however, the authors were unsuccessful in reducing the levels of the Ar dimer. 
In a related publication*^^ the same authors assess the effect of skimmer-sampler cone 
separation, comparing an all argon plasma with 5% N2-Ar plasma, again with the 
nitrogen added to the outer gas. In this paper the authors used three skimmer-sampler 
cone separations; 0.61, 0.84 and 1.18 cm. Generally as the separation distance was 
increased for the all argon plasmas, the response of analyte and interferent species fell. 
An exception to this was ArN* and ArOH* which increased. In the Nj-Ar plasma, the 
responses of the various species increased with the 0.84 cm separation, before dropping 
off again. Once again ArN* and ArOH* were the exceptions, increasing with 
increased separation. These data show that the addition of nitrogen is changing the 
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dimensions of the barrel shock and position of the Mach disc within the interface, and 
this has implications for the mechanisms of polyatomic ion removal. The authors also 
noted that the skimmer-sampler cone separation had no influence on matrix effects. 
The addition of nitrogen was applied by Lam and McLaren"' who used 8% nitrogen 
added to the outer gas to reduce the level of UO*. In this work the authors also used 
spray chamber cooling and partial desolvation, in conjunction with nitrogen addition 
in order to improve the removal of UO*, and also ArO*. With partial desolvation and 
the addition of nitrogen the level of UO"*" was reduced to approximately 1%, as 
opposed to levels of 5-35% in the all argon system: Similarly the levels of ArO* were 
reduced by this combination of desolvation and nitrogen addition to a background 
equivalent concentration (EEC) of 0.6 ng cm*\ and this facilitated accurate 
determination of Fe in marine reference materials, not otherwise possible by ICP-MS. 
The application of desolvation in conjunction with nitrogen addition to the outer gas 
was taken a step further by Lam and co-workers^^ who used a membrane interface and 
a dry ice acetone water trap to desolvate samples. With this apparatus they achieved 
UO* levels of 0.3%. 
Nitrogen addition to the outer gas flow has also been investigated by Beauchemin and 
Craig"* who were particularly interested in improving the analysis of selenium and 
iron. Nitrogen levels ranged from 0 to 10 percent and the authors also assessed the 
effect of the plasma power. The authors found that 1.2 kW was optimal, and that with 
the addition of 5% nitrogen the SBRs and detection limits of Fe and Se could be 
improved by up to a factor of four. This improvement was attributed to improved 
plasma stability and a reduction in background (interferent ions). The results of this 
study, whilst interesting are of limited value as one of the key ICP-MS operating 
parameters, the nebulizer gas flow rate, was kept constant. When nitrogen is added 
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to the outer gas the plasma is laiown to shrink, and this requires a re-optimization of 
the nebulizer gas for the conditions to be comparable, as has been discussed above. 
This lack of rigorous optimization is seen in many papers and means that a valid 
comparison cannot be made between the all argon and mixed gas plasma conditions. 
Comparisons between the results obtained by different authors is also difficult. 
In an interesting diversion from previous work with nitrogen addition, Louie and Soo*^ * 
added nitrogen to the argon gas inlet so that it was mixed with the argon prior to it 
being divided into the three gas flows. This approach, however, may lead to 
misleading data as the effect of nitrogen is different in different regions of the plasma, 
requiring varying optimization strategies. This paper looked at the removal of MO*, 
MOH"^ and M^* species of refractory elements, but the work draws the same criticism 
as given above in that it did not optimize the nitrogen - argon plasma. In fact the 
authors optimized an all argon plasma and simply added increasing levels of nitrogen 
at this 'optimal ' nebulizer gas flow. Whilst they reported that nitrogen could reduce 
the level of CeO* from 15% to 3%, a level similar to that already reported, this 
reduction was obtained one exact predetermined value of the nebulizer gas. This point 
is further emphasized by the authors who report that with an all argon plasma at a 
lower nebulizer gas flow, CeO* levels were under 3%. 
Comparison of the addition of nitrogen to all three gas flows has also been undertaken 
by Wang et A / . * " . These authors investigated the effect of nitrogen on ArCl"^, CIO*, 
TiO*, CeO*, UO* and Ba^*. The responses of these species, and also of In*, were 
plotted as a function of nebulizer gas flow at a range of discrete nitrogen concentrations 
in the three gas flows. From these plots the authors define conditions which led to 
removal of the interference whilst retaining the analyte signal. Using this method of 
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univariate searches the authors were able to define optimal operating parameters for the 
removal of the interferences. Optimal levels of nitrogen for the removal ArCl* and 
ClO^ were 1 % for addition to the outer gas and 3% for addition to the nebulizer gas. 
These authors found addition of nitrogen to the intermediate gas to be of little value. 
The successful analysis of a certified reference urine for As, Se and V was also 
reported. The addition of nitrogen to either the nebulizer or outer gas flow was found 
to have little effect on the MO* and M^* species. 
Nitrogen has also been used in the analysis of real samples. Branch et o/.*^ reported 
successful analysis of urine and CRM seaweed for arsenic using the addition of 0.032 
dm^ min * nitrogen added to the nebulizer gas. Akatsuka e/ a/.*^ used the addition of 
8% nitrogen to the outer gas flow to reduce the ArO* interference on Fe successfully. 
Hansen et al. added 0.04 dm^ min * nitrogen to the nebulizer gas. to remove potential 
ArCr interferences on As species. Emteryd and Wallmark**^ added nitrogen to the gas 
inlet and had limited success in improving sulphur isotope ratios. Bloxham et a/."^ 
have used the addition of nitrogen to the nebulizer gas to improve the analysis of 
seawater. These authors optimized the system using a simplex procedure aimed at 
reducing the ArNa* interference on "Cu. At the optimal conditions, using just 0.8% 
nitrogen detection limits for Cu were improved 200 fold over standard conditions. The 
detection limits of other first row transition metals were also improved by between 2 
and 100 fold. Finally De Boer et aV^^ and Baxter et a/.*" have used nitrogen addition 
to the nebulizer gas in the analysis of natural waters and foodstuffs respectively. 
1.2.1.2 The addition of Helium 
The addition of helium to Argon ICPs has mostly been undertaken by Caruso's 
group'^''*' with some work being performed by Montasser and co-workers*** who have 
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also investigated pure helium ICPs*°*''°^ which are not covered in this review. 
Sheppard et al used a 20-30% He-Ar plasma to investigate analyte enhancement (see 
below) but also looked at MO* and M^ "*" formation. A modest reduction in BaO* was 
observed but increasing He led to an increase in Ba^ * and this was attributed to the 
plasma being more ionizing with added He. 
1.2.1.3 The addition of carbon containing gases 
The only paper detailing the use of methane is by Wang et A / . ' " which investigated its 
addition to all three gas flows in much the same way as discussed above with their 
work on nitrogen addition. The concluded that its effect was similar to nitrogen but 
these authors had problems with carbon deposition on the sampling cone causing 
clogging. 
1.2.1.4 The addition of other gases 
The addition of xenon has been undertaken by Smith et a/.**' who added it to the 
nebulizer gas at either 10 or 37 cm' min *. The addition of xenon reduced the 
populations of Nj*, HNa"". NO*. ArH*, CIO*, CIOH*, ArC*, ArN* and ArO*. 
Reduction factors of most of these interferences was in the order of 2-300 fold, whilst 
the reduction in analyte signal was only an order of magnitude. This work not only 
removed the more 'conventional' interferences discussed above, but many of those 
below 40, thus allowing analysis of Si and K which are normally difficult with ICP-
MS. The authors concluded that the Ar-Xe plasma would be most useful for removing 
nitrogen based interferences as, obviously, the addition of nitrogen enhances them. 
The main disadvantage of xenon is its high cost, which makes its use unfeasible for 
routine analysis. Xenon has also been used by Rowan and Houk*^ ^ to attenuate 
polyatomic ions in a double quadrupole ICP-MS. 
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The addition of hydrogen to the nebulizer gas has been investigated by Shibata et al 
who when using ETV-ICP-MS found that 20-100 cm' min ' hydrogen caused an 
enhancement of various species (Ar* ,^ O*, N* . ArH* and OH*). In comparison they 
found that the addition of nitrogen and oxygen caused various degrees of reduction in 
signal for these species, and that helium had no effect. 
Other gases that have been studied are oxygen*^*'^  which was found to be of less value 
than nitrogen in removing interferences and air*" which was found to behave similarly 
to nitrogen. 
1.2.2 The use of mixed gas plasmas for the removal of non-spectroscopic 
interferences 
Nitrogen has been most extensively used in attempts to combat non-spectroscopic 
matrix interferences"*^"^ but helium has also been investigated*^ .^ Beauchemin and 
Craig"** looked at the effect of increasing nitrogen (0-10%) in the outer gas and its 
effect on matrix interference from O.OIM and O.IM Na. It was found that the O.IM 
Na caused a suppression in the Fe and Se analyte signals when an all argon plasma was 
used. With the addition of 5% nitrogen to the outer gas the effect of O.OIM Na was 
removed and the effect of O.IM Na was reduced, with 10% nitrogen the suppression 
due to Na at any concentration was removed and a slight enhancement observed. In 
this way the effect of the concomitant matrix was removed with the addition of nitrogen 
at that particular nebulizer gas flow . It has been shown that matrix effects due to 
10000 pig cm'' U can be removed using an all argon system, with appropriate 
optimization"*. The same authors followed up this work with a study of nitrogen 
argon plasmas as a means of reducing the non-spectroscopic effects of potassium"^. 
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Once again it was found that nitrogen could remove the effect of potassium but that the 
amount of nitrogen required varied from element to element and with different 
concentrations of potassium. Nitrogen addition, to the nebulizer gas has also been 
reported by Bloxham et A / . " ' who found it useful in reducing matrix effects 
encountered in analyzing artificial seawater. 
The effect of matrix elements on a 20% He-Ar plasma has been investigated by 
Sheppard et al.^^^. They found both suppression and enhancement depending on the 
tuning procedure employed. Interestingly they found that the He-Ar plasma was not 
subject to sample cone clogging even when a 1% matrix solution was aspirated. 
1.2.3 The use of mixed gas plasmas to enhance analyte sensitivity 
1.2.3.1 The addition of nitrogen 
The addition of nitrogen to the argon ICP in ICP-MS has been reported to 
enhance'" »" »*> »« suppress*»'* ' " »'° »'*-^ " or have no effect*" on analyte signals, with 
some authors finding both enhancement and suppression depending on the level of 
nitrogen added. The issue of enhancement is further complicated by the fact that some 
authors merely record an increase in gross signal without considering the effect on 
SBR, SNR or detection limits. Bearing these points in mind some consideration will 
be given to the use of nitrogen to improve the sensitivity of the argon ICP in ICP-MS. 
Lam and Horiick*" added 5% nitrogen to the outer gas and found it to enhance analyte 
signal and this was found to be dependent on sampling depth. At a sampling depth of 
8 mm the response was enhanced by 1.3 - 3.7 fold for Sr and Zn respectively. It 
should be noted however to achieve this enhancement re-optimization of the nebulizer 
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gas was required. The authors also found that the enhancements were independent of 
ionization energy of the analytes. This work however, did not r ^ r t the effect of 
nitrogen on the SBR of these elements and should be further qualified as a later paper 
from this group found no enhancements with added nitrogen''". Louie and Soo"* used 
nitrogen addition to the argon gas inlet and found that enhancements, both in signal and 
SBR, could be achieved. Whilst this may appear to be conclusive evidence of analyte 
enhancement this data merely compares the response and SBRs of selected elements for 
one setting of the nebulizer gas (0.75 dm' min'*) for an all argon plasma with another 
nebulizer gas setting with 35 cm' min'* nitrogen added. Indeed it is curious that these 
authors chose 0.75 dm' min * as their all argon nebulizer gas flow as they show in 
other data that better responses were obtained at 0.84 dm' min * whilst the CeO"*^ /Ce* 
ratio was still approximately 3%, their desired level. Wang et A / . * " added 1% 
nitrogen to the coolant gas flow and found that it could enhance the response of " ' In* 
by approximately 50%. Whilst these authors did undertake to study the effect of 
nitrogen at different levels and various nebulizer gas flows, they do not report SBR 
data, so again the report of enhancements should be treated with caution. Nitrogen 
added as a sheathing gas has also been reported but was found to be of limited value'^'. 
1.2.3.2 The addition of helium 
He-Ar plasmas have been shown to yield analyte enhancements* '^^ •"^ when compared 
with all argon plasmas. Sheppard et a/.'** investigated the effect of the nebulizer gas 
flow, plasma power and percentage helium on various metal and non-metal analyte 
detection limits and found He-Ar plasmas improved detection capability. It was found 
that 20% He was optimal for metals and 30% He optimal for non-metals. The greatest 
improvements were for the halides with detection limits being improved by up to two 
orders of magnitude. This improvement was attributed to the He improving the 
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ionizing capability of the plasma. This effect was later applied by the same authors* '^' 
to a coupled HPLC-ICP-MS system to improve its detection capabilities for As. One 
problem with this however was that ArCl* was also found to be enhanced. 
1.2.3.3 The addition of hydrogen 
The addition of hydrogen has been undertaken by a number of workers^-^ *^ ' '^ **'" with 
varying results. Louie and Soo'^ ' found modest enhancements with hydrogen added 
to the gas inlet, but this work draws the same criticisms as those outlined above for 
nitrogen addition. Shibata et al.^^^ when using ETV-ICP-MS found that the addition 
of hydrogen to the nebulizer caused an enhancement in analyte response that was 
proportional to the amount of hydrogen added (20 - 100 cm' min'*) by approximately 
one order of magnitude. This paper also showed that hydrogen enhanced background 
spectral species, so it is possible that whilst anaiytes were enhanced, the background 
at these masses may also have increased but this was not reported. Hutton et aL^ 
when analysing silane gas also found that adding hydrogen could increase the response 
of by 70% when 6 cm' min * hydrogen was added to the nebulizer gas. Hartley 
et aL^ used the addition of hydrogen (1.5%) to increase the ionization temperature of 
a dried plasma (using desolvation with the sample introduction system). Hydrogen was 
added as a sheathing gas by Beauchemin and Craig*'" and in a similar way to nitrogen 
it had little positive effect on detection limits'*'. More recently Houk'" described the 
use of 0-100 cm' min * hydrogen addition, again to improve analyte sensitivity in 
conjunction with cryogenic desolvation for sample introduction. The common feature 
of these papers is that the ICPs used are either dry or 'dried', in other words the level 
of hydrogen that is normally in the plasma has been reduced by the absence of water. 
This point was discussed particularly by Hartley et al^° who highlighted the need for 
hydrogen in the ICP, either from water or by direct addition, to increase the energy 
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transfer processes from the outer torus of the ICP to the central channel. These 
processes may be important in achieving the analyte enhancements described. 
1.2.3.4 The addition of other gases 
Other gases that have been added and found to cause enhancement include oxygen'^' 
and methane*". It was found that 0.03 dm' min ' oxygen could give a 20% increase 
in "^In signal, though no further studies were undertaken'^. Allain et a/.'" found that 
by adding up to 4% methane to the nebulizer gas a 2-5 fold signal enhancements could 
be accomplished for poorly ionized elements. The signal for fiilly ionized elements 
was found to be unaffected although once again, background signals were not 
measured. The results were interpreted as showing that the methane was improving 
the ionization of such elements and that carbon may be involved in this process. 
1.2.4 The use of mixed gas plasmas for the analysis of organic matrices 
The direct analysis of organic matrices by ICP-MS and also the coupling of HPLC 
systems to ICP-MS has lead to the need for oxygen mixed gas plasmas in order to 
overcome the deleterious effects of carbon deposition, and also to reduce some of the 
C based interferences. In this section the literature in this feild will be briefly 
considered. In the first paper detailing the direct analysis of organic solvents* ,^ the 
need for oxygen was identified with 5-7% being added to allow the analysis of solvents 
such as white spirit and xylene. Hausler" analyzed xylene for trace metals and found 
2% oxygen was sufficient to remove carbon deposition. Evans and Ebdon*^, 
investigating low fiow torches, looked at the analysis of various organic solvents and 
required from approximately 4% to as much as 20% oxygen to be added; Analysis of 
extremely volatile and reactive organic and organo-metallic substances was facilitated using 
oxygen addition'^ '^ Recently the determination of chlorine in polychlorinated compounds 
by ETV-ICP-MS'^^ has 
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required the use of 10% oxygen. The successful introduction of organic eluents from 
HPLC systems into the ICP has also required the use of oxygen'**"'* .^ 
1.2.5 The use of mixed gas plasmas in fundamental studies 
The first paper detailing the use of mixed gas plasmas in ICP-MS was for what can be 
considered a fundamental study. Houk et al. used nitrogen to partially or completely 
replace the outer channel of an Ar ICP. Their studies showed that nitrogen addition 
to the outer gas decreased electron number density in the central channel and that Ar* 
was the dominant species even if the outer gas was 100% nitrogen indicating charge 
transfer from nitrogen to argon. The work showed that species were transported from 
the induction region to the central channel and that the species may react with and 
ionize neutral species in the central channel. 
Since that early paper most of the papers published on mixed gas plasmas have offered 
opinions on the processes underpinning their investigations and some of these views are 
considered here. 
Changes to the plasma 'temperature' with the addition of gases, known to occur from 
work undertaken in ICP-AES studies, are thought to have an effect on the formation 
and removal of polyatomic species. The addition of nitrogen is said to reduce 
ionization temperature'^ " and increase the kinetic temperature*^ *^^ *, the former may 
suppress the ionization of the polyatomic species, the latter promote their breakdown. 
The idea of increased kinetic temperature has also been raised by other authors who 
refer to nitrogen - argon plasmas being 'hotter' than all argon plasmas"^ *'^ '-'^ * and 
hence promoting thermal decomposition of the polyatomic species. The term 'hotter' 
is not, however, very meaningful as the various energies in the plasma vary as it is not 
39 
in LTE. The effect of added gases to both increase and decrease the various plasma 
temperatures, and also temperatures in the interface region and Mach disc, almost 
certainly plays a part in the formation and removal of polyatomic species. Changes to 
the plasma ionization characteristics have also been shown by Smith et who 
found that with the addition of xenon the levels of both polyatomic ions and As and Se 
were reduced substantially. This was explained using the fact that the flrst excited state 
of xenon is 8.3leV and its first ionization energy (IE) is 12.1 eV, both of which are 
approximately 3 eV below those of Ar. The xenon is therefore reducing the ionization 
capabilities of the plasma. It was found that any species, analyte or interference with 
a first IE above the excitation energy of Xe, i.e, 8.31 eV, were extensively attenuated, 
due to poorer ionization. This idea was also put forward in an earlier paper^, where 
by altering the instrumental conditions such that there was considerable air entrainment, 
the population of NO"*" was increased dramatically. NO"*^  has the lowest first IE of any 
polyatomic species at 9.27 eV and the authors found that all species with lEs above this 
value were attenuated, including other polyatomics and analytes such as gold. This 
modification of the plasmas ionization capabilities is no doubt important in reducing 
interferences. 
Competitive formation of alternative polyatomic species, z.e. ArN*, NO* or NOj*, 
with the addition of gases, was put forward as a mechanism by which undesirable 
interferences are removed"^*'^  ' " *^ *. This explanation relies on the fact that when, for 
example nitrogen is added to the plasma, nitrogen based species increase and other 
interferences /.e. ArCl*, decrease. The increase in such nitrogen based species is not 
surprising because the population of nitrogen has been increased in the plasma but this 
may reduce the interference as some of the chloride is removed by the formation of 
N C r . In this way it may be thought of as a similar action as coprecipitation to 
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remove chloride. 
The addition of foreign gases to the plasma certainly causes spatial separation of the 
physically distinct regions of the plasma, that is the initial radiation zone (IRZ) which 
is rich in MO* and the normal analytical zone (NAZ). The effect of nitrogen on these 
zones has been documented* '^ and the separation of these zones is such that at the 
optimal analyte conditions there is little interference formation. The difference in these 
optima is particularly apparent for the nebulizer gas as shown by Wang et who 
demonstrated that the nebulizer gas could be set such that the A r C r response was 
lowered without compromizing the In* response. Whilst the physical effect on the 
plasma is certainly important, the observation that xenon has no effect'^' demonstrates 
that other processes are also occurring. 
The effect of mixed gas plasmas on sensitivity have been attributed to charge transfer 
processes*", the reduction of MO* *" *^ and increased ionization efficiency'*^ *^* *^ *. 
The effect of hydrogen has been studied'^ * and in particular has been found to increase 
ionization temperature and electron number density, which is opposite to the effect of 
other gases studied and may explain why hydrogen enhances polyatomic species. Also 
hydrogen may cause increased collisions of ionic species (Ar* and ArH*) in the plasma 
and interface and thus promote ionization through ion-analyte collisions or charge 
transfer*^*. All of these processes, however, can contribute to increased background 
signal, be it Veal* or continuum, and the lack of in depth study into the effects on net 
signals may lead to incorrect conclusions being drawn. The effect of nitrogen on non-
spectroscopic interferences has been attributed to a change in the ion beam in terms of 
its size, shape and space charge characteristics"* "^. 
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1.2.6 Conclusions 
There is now a large and growing body of literature on mixed gas plasmas and their 
successful application in many areas, as discussed above. There is no doubt that mixed 
gas plasmas are of value in reducing interferences in ICP-MS. Their value as 
sensitivity enhancers is, however, less certain and there is a need for studies to be more 
rigorous with respect to optimization and selection of figures of merit to make data 
more comparable both within and between groups of researchers. 
1.3 Simplex optimization and its application to ICP-MS 
It can be seen from the above discussion that rigorous optimization in ICP-MS is vital. 
In this work simplex optimization has been used extensively and is considered here. 
The optimization of the operating parameters in ICP-MS, is typically performed using 
a single element, often indium, and this single element optimization has often been 
considered to be disadvantageous to the application of ICP-MS in the multi element 
mode of operation, as it is detrimental to the response of elements at the extremes of 
the mass range. In addition to this, optimization is usually performed as a series of 
cyclical univariate optimizations and this relies on a skilled operator to achieve 
maximum signal. 
The key plasma operating parameters in ICP-MS are the nebulizer (carrier), 
intermediate and outer gas flows, added gas flow and the forward power applied to the 
plasma. There is obviously a need for the optimization of these variables to be 
performed using a method that accounts for their inter-dependence. Simplex 
optimization is an obvious choice for this and has been employed already in ICP-AES 
to improve detection limits and reduce interferences***^ *'", and in ICP-MS to aid 
organics analysis*^ *", and also to optimize the operating conditions of a low flow 
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torch***. These studies optimized the plasma operating conditions with, where 
appropriate, manual tuning of the lens settings after each iteration. In addition a few 
workers have used simplex, to optimize the ion optics. Schmit and Chauvette'" 
successfully optimized the ion optics of their instrument (Sciex Elan) to improve ion 
transmission across the mass range, and Evans and Caruso'have used the same 
approach to reduce the effects of a 10000 /xg cm'^  U matrix solution. 
1.3.1 Simplex optimization - theory and operation 
Simplex optimization is one of the many multi-variate optimization techniques available 
that can be used to achieve the simultaneous optimization of two or more inter-
dependent variables. The simplex procedure has been defined and developed by a 
number of authors'**"'^ ®. Simplex optimization works by locating the 'summit' of the 
response surface that has been defined by the parameters of the optimization. This 
summit is taken to represent the optimal conditions for the system. If a system, with 
two critical parameters P, and Pj, is considered, the response surface is made up from 
lines of iso-response that join the various responses measured at various values of P| 
and Pj. The response surface in this example is three dimensional and a response 
surface can be defined as being n-l-1 dimensional, where n is the number of 
parameters. Returning to the simple model of a two parameter system, the response 
surface is, as stated, three dimensional, and this is demonstrated in Figure 1.7a. 
A simplex is a geometrical figure where 
V = P -h 1 = D + 1 
V = Vertices of the Simplex 
P = Parameters of the optimization 
D = Dimensions of the Simplex 
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Figure 1.7a: Response surface for a two parameter system 
P2 
P1 
Figure 1.7b: Initial vertex for a two parameter simplex optimization 
P2 
PI 
Figure 1.7c: Simplex generated after two reflections for a two 
parameter simplex optimization 
P2 
PI 
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The vertices of the simplex are defined by gross response, SBR, SNR or a ratio of a 
standard to an interference or any other response factor. 
I f the response surface in Figure 1.7a is again considered, there are two parameters, 
therefore the simplex will be n + 1 , i.e. an equilateral triangle. The optimization starts 
with this triangle as demonstrated in Figure 1.7b, and it can be seen that point one of 
the triangle has the worst response. Assuming that the optimum lies in the opposite 
direction to point one the triangle is reflected about the line 2-3 to a new point 4. and 
this forms a new simplex, 2,3,4. The worst point of this new simplex is 2 and 
reflection away from this point about the line 3-4 can occur in the same way as before. 
This is shown in figure 1.7c. This leads to the first rule of simplex optimization 
The new simplex is formed by rejecting the point with the worst result in the 
preceding simplex and replacing it with its mirror image across the line defined 
by the remaining two points. 
As the optimum is reached the new point will not be the one with the best response, 
and as the optimum is 'overshot* it can indeed be the worst point. Application of rule 
one in this situation would lead to an oscillation between the new simplex and its 
immediate predecessor. In this situation rule two of simplex optimization is applied 
If the newly obtained point in a simplex has the worst response do not apply 
rule J but instead eliminate the poim with the second lowest response and obtain 
its mirror image to form the new simplex 
This rule is usually applied near the optimum and allows the simplex to move the 
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optimum to provide a provisional optimum. If a vertex is held in n-l-1 simplexes there 
are two possibilities; either the optimum has been reached or a false value has been 
obtained and the simplex optimization needs to be restarted. This gives rule three of 
simplex optimization 
If one point is retained inn+1 successive simplexes determine again the 
response at this point. If it is the highest in the last n+1 simplexes then it is 
considered the optimum attainable with the simplex of the chosen size. If not 
the simplex has become attached to a false optimum and the optimization is 
restarted 
The final rule of simplex is used to prevent the optimization stopping if a vertex lies 
outside factor space. 
If a point falls outside one of the boundaries, assign an artificially low response 
to it and proceed with rules 1-3 
These are the four basic rules of simplex**^ . The result of this fixed step size simplex 
procedure is demonstrated in figure 1.8. 
One problem with the fixed step size simplex procedure is that i f the step size is too 
small the optimization is very slow, and if it is too big the optimization is coarse and 
imprecise. The solution to this was put forward by Nelder and Mead*** and further 
explained by Morgan and Deming*^ **^ , and is an optimization where the step size is 
variable, within certain boundaries, throughout the optimization. This so called 
'variable step size simplex optimization procedure' is similar to that previously 
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Figure 1.8: Complete fixed step size simplex optimization for a two parameter 
procedure 
P2 
P1 
described, but has the added possible movements of expansion and contraction of the 
simplex. This is demonstrated in Figure 1.9. Rule 1 is then modified to give: 
i Reject worse vertex (W) and reflect about line A-B to its reflection R. This can 
be defined as R = P + (P - W). This is the same as the simple reflection in 
the fixed step size simplex procedure. 
ii If R>B expand to E, which is defined as, E = P + a(P - W), where a is an 
expansion factor > 1, usually 2 
iii If A>R, simplex has moved too far and needs contracting: if A < R but > 
W contract to Cr, which is defined as Cr = P + fi(P - W), where 6 is a 
contraction factor, 1 > B > 0, usually 0.5 
If R < A and < W contract to Cw, which is given as Cw = P - B(P - W) 
where 6 is the same as before 
iv Rules 2-4 are as before. 
The movement for factor space for a two parameter optimization, using a variable step 
size procedure is shown in Figure 1.10. The simplex optimization is considered 
complete when the n + 1 best values for the figure of merit agree to within a 
predetermined percentage i.e. to within 5%. 
The choice of initial step size is an important factor for a simplex procedure, as it is 
important to search all of the factor space. Initial simplex design was considered by 
Yabro and Deming***^  and their matrix for initial simplex design is given in Figure 
1.11. The choice of the figure of merit (FoM) is also very important as it will 
determine the progress and direction of the optimization. In ICP-MS the FoM may be 
raw counts, net counts, SBR, SNR, interference to analyte ratio and so on. In ICP-MS 
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Figure 1.9: Variable step size simplex possible moves 
4^  
P = Centroid of line A-B 
W = Point with worse response 
R = Reflected simpex vertex 
E = Expanded simplex vertex 
Cr = A contracted simplex vertex 
Cw = A contracted simplex vertex 
Figure 1.10: Complete simplex optimization using variable step size for a two 
parameter system 
P2 
o 
P1 
Figure 1.11: InitiaJ Simplex matrix 171 
Vertex Dimensions 
1 2 3 4 n-1 n 
1 »i ^3 
2 P. + X, 02 + X , 03 + X3 Q* + X4 Q.. + x , i Q. + X. 
3 Q. + X, P, + X , Q 3 + X3 Q 4 + X 4 Q.. +x^. Q. + X. 
4 Q. + X, Q 2 + X2 P, + X3 Q 4 + X , CL. + X ^ . Q. + X. 
- - - - - - -
n Q. + X, Q 3 + X 3 Q 4 + X, P.. + x .^ Q. + X. 
n + 1 Q. + X, Q, + Xj Q 3 + X 3 Q 4 + X . CL. +x^. P= + X. 
Where; 
P „ = S„ \/n+\ + (n-i)] 
t f / 2 
0 . = S„ fv^n+l -1] 
n^2 
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it is best to use a FoM that incorporates a ratio as this will overcome problems of 
instrumental drift also the FoM should recognize the importance of the background and 
hence use SBR or SNR, rather than raw response. 
Modifications to the simplex procedure also exist"*^  "°, but all work undertaken in this 
study used a the basic variable step size simplex procedure. 
1.4 Solid sample introduction in ICP-MS; The use of Laser ablation. 
As has been discussed ICP-MS can accept samples in all three natural states and a 
number of strategies exist for the introduction of samples as solids. One of these 
which is becoming more popular is laser ablation (LA), and this is considered briefly 
here. Laser ablation allows for the analysis of solid samples without the need for 
dissolution procedures which can often be complicated and difficult. In addition, the 
laser energy can be coupled with any substrate, whether they are conducting or not, 
in comparsion with glow discharge and spark techniques, which are limited to 
conducting samples. 
Most of the lasers used currently areNd:YAG (neodymium: Yttrium Aluminium Garnet 
[YjAljOis]) based, first described by Arrowsmith"' shortly after the first paper on LA-
ICP-MS by Gray^ ** who used a ruby laser. The laser energy can be produced in either 
the Q-switched mode or fixed-Q mode. With the former mode the laser energy in the 
optical cavity is subject to an obstruction which improves the energetic processes 
involved in the generation of the laser energy. When this obstruction is removed the 
energy is released as a giant pulse, which is much larger than encountered in the free 
running or fixed-Q system. 
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Once the energy has been produced it is focused either at, above or below the surface 
of the sample. The size of the focused spot depends on the wavelength, divergence 
angle of the laser, the focal length and aperture of the focusing optics. The laser 
energy can be focused to analyze spot sizes down to < 10 ;xm or up to several mm. 
The small spot sizes achievable with the VG microprobe™ are in part due to the 
smaller wavelength of the laser used, which is a frequency quadrupled (266 nm) 
Nd:YAG laser which has a normal output of 1064nm. The focused radiation then 
ablates the sample which is held in an ablation cell, which in turn is fixed to an X-Y-Z 
translation stage to allow the sample to be rasterred during analysis. The ablated 
particles are then carried in the argon carrier stream, which enters at the base of the 
ablation cell and exits at the top, into the ICP via a conventional gas line. Once in the 
plasma the sample undergoes the same processes described for conventional sample 
introduction. The ablation process gives an essentially transient signal but this is made 
quasi-continuous by using shot frequencies in excess of 3Hz^. A schematic of the LA-
ICP-MS system is shown in Figure 1.12, and a summary of VG Laserlab"^ *^  features 
is given in Table 1.7. 
LA-ICP-MS does have some drawbacks compared with aqueous sample introduction, 
and these are mostly related to internal and external calibration of the system. Internal 
standardization often utilizes a minor isotope of the sample matrix to act as an internal 
standard. Other methods of internal standardization include using a background 
spectral peak, such as A r C r or introducing a gaseous element into the sample stream 
i.e. CH3I or Xe. Extemal calibration poses more of a problem and usually most 
operators of LA-ICP-MS systems only use them in the semi-quantitative mode, 
generating response curves from elements of known concentration within the sample. 
True extemal calibration can be achieved by the use of pressed powder standards, 
53 
Table 1.7: Technical information for the VG Laserlab syston*^ 
Parameter Value 
Laser type Nd : Y A G 
Wavelength 1064nm 
Output energy, free-running 0.5J 
Output energy, Q-Switched 0.2J 
Pulse length, free-ninning 140ms 
Pulse length, Q-Switched 8-lOns 
Pulse repetition rate 1-20HZ 
Laser spot size 10-300 urn 
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Figure 1.12: Schematic of LA-ICP-MS instrument setup 
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where known concentrations of standards are added to a suitable substrate /.e. specpure 
silica, and pressed into a solid disc, though this can lead to problems associated with 
sample homogeneity unless the sample and diluent powder are ground and mixed 
thoroughly. 
LA-ICP-MS has found applications in industrial, geological and environmental fields 
and a large body of literature is being built on the subject^  '^ * '^ ' including three 
reviews on or related to the subject area'^ *^^ '". 
1.5 Fundamental studies in ICP-MS 
An inductively coupled plasma is a fireball of partially ionized argon gas with a 
'temperature' of 6000 - 10000 K. It is composed primarily of neutral argon atoms, 
A t * and Ar^ * ions, electrons, excited argon species, argon metastases, Ar* and A t j * . 
In addition the sample solute and solvent introduce a range of other species, Le, M, 
M ^ M*, M•^ O^, H ^ , O H ^ N * , O*, OH', N* and so on (where M is some 
element). Energy transfer between these species is predominantly radiative or 
collisional and several such processes exist. In addition the kinetic, ionization, 
excitation and rotational temperatures are not in thermal equilibrium and hence have 
different values. The ICP is therefore an extremely complex system and ftindamental 
studies of it are difficult. In ICP-MS the already complex system is further confused 
by the fact that the ICP impinges on a sampler cone through which part of it is 
extracted into a vacuum region and on through a series of electrostatic lenses which 
focus the ion beam. It can be seen then that deriving information on the processes 
taking place within the plasma is extremely difficult and all data has to be treated 
carefully. In the following section some of the fundamental work undertaken in ICP-
MS is considered. 
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Fundamental parameters of the ICP that can be usefully employed are temperature 
(kinetic, excitation and ionization), electron number density and ion energy. Some of 
these parameters can be derived using mass spectrometric techniques, that is using the 
instrument in an unmodified way, otherwise additional instrumentation is required. 
Temperature measurements can be made mass spectrometrically as demonstrated by 
Houk et aO^^ in an early ICP-MS paper. In this paper the ionization temperature Tj^ 
was measured using the thermometric pairs, Cd*/r , Sr^^/Sr* and Ba '^^ /Ba* the former 
of which uses the ratio of two singly charged species of different ionization energies, 
compared with the latter two which use the singly to doubly charged ratios of two 
easily ionizable elements. The authors found that T-^ was considerably lower when 
nitrogen was added to the plasma. Longerich*^ defined kinetic energy in the plasma 
by measuring the percentage oxide formation of a range of rare earth elements. 
Hartley et al^^ have used M "^^ /M* ratios to define ionization temperatures in all argon 
and hydrogen - argon plasmas and found that hydrogen increased the ionization 
temperature of the plasma. 
Ion energy measurements have been made mass spectrometrically, either using the pole 
bias setting of the quadrupole rods**** *^ ***" *'^ , or using some form of retarding plate to 
which a voltage can be applied*^ ' *'^ . The former method, whilst simpler is somewhat 
limited as the values that are obtained are influenced by the tuning of the ion lenses. 
As a qualitative method the pole bias can be adequately used, as by Hirata et al who 
found that hydrogen increased ion energies. Vickers et a/.*** used bias potentials in a 
study of the spatial variation of ion concentrations. A study by Chambers and 
Hieftje*^ used retarding plates in the interface and in front of the quadrupole and 
considered interactions in the ion beam as deduced from the ion energies. This paper 
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was one of a series of studies on the sampling process in ICP-MS''* *^  ''^ . 
Other methods employed for fundamental studies in ICP-MS can be classed as invasive 
or non invasive. Of the former category, the use of retarding plates for ion energy 
measurements has already been considered above. Another invasive technique that is 
employed is the Langmuir probe'**-^ '^ '^ ^ which has been used for measurements of the 
ion beam from within the plasma to the interface to the front of the ion lenses and used 
to defme; electron temperature and electron density, plasma potentials and ion-ion 
interactions in the ion beam and hence study space charge effects. The Langmuir 
probe is essentially a thin metal wire which either has an applied voltage or gains a 
voltage in the course of measurement. The changes in the voltage can be monitored 
and from this the plasma potential can be calculated. 
Non invasive techniques for fundamental investigations are usually optical and do not 
affect the ion beam. An example of this is the measurement of stark broadening of the 
line to defme electron density values'*^ Other methods including Thompson and 
Rayleigh scattering and tomographic imaging are considered in a paper by Hieftje?^ *. 
Other fundamental work has used computer simulations to model the ion beam and the 
effect of the ion lenses2°2.203 
Possible critiques of the methods discussed above include the fact that many of the 
calculations make the assumption that the plasma is in LTE, when there is much data 
to suggest that this is not the case. In addition to making these assumptions many of 
the measurement methods actually change the plasma or the ion beam, raising the 
question *are these measurements representative of the plasma or of the interface?*. 
The gas dynamics of the interface have been discussed by Douglas and French^ *^  and 
in this paper they suggest that sampling of the plasma is representative, and that the 
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interface has little effect on the sampled beam, this hypothesis has however, been 
questioned by other workers'^ . 
1.6 Aims of this study 
Inductively coupled plasma - mass spectrometry is widely accepted as the leading 
technique for trace element analysis. It suffers, however, from a range of interferences 
both spectral and non - spectral which limit the range of analytes and substrates which 
can be analyzed successfully. The aim of this study was to investigate fully the use of 
mixed gas plasmas as a means of reducing or removing these interference effects. To 
this end a range of gases (nitrogen, methane, hydrogen and ethene) were employed, 
and were added to all three of the argon gas flows and the effect on several 
interferences (combinations of argon, chlorine, sodium, sulphur, phosphorus and also 
MO"*" species) was explored. In addition the use of mixed gas plasmas for sensitivity 
enhancement was assessed with both wet and dry sample introduction. Some 
explanation of the fundamental processess underpinning these observations were also 
considered. Rigorous optimization procedures have been used throughout. 
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C H A P T E R TWO 
E X P E R I M E N T A L 
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CHAPTER TWO: EXPERIMENTAL 
2.1 Instrumentation 
2.1.1 VG Plasmaquad II inductively coupled plasma - mass spectrometer 
Two VG Plamsaquad II (PQ2) inductively coupled plasma - mass spectrometers (FI 
Elemental, Winsford, Cheshire, U.K.) were used for these studies. These two 
instruments were subject to minor modification depending on the studies to which they 
were applied. The sample introduction system of the PQ2 instrument in Plymouth was 
altered by the inclusion of a modified high solids nebulizer (Ebdon type, PSA, 
Sevenoaks, Kent, UK). This modification involved the enlargement of the gas orifice 
to 300 /xm to allow higher nebulizer gas flows. The addition of gas to the nebulizer 
and intermediate gas flows was achieved using a gas blender as discussed in Section 
2.1.3. This required substituting the nebulizer and intermediate gas lines and mass 
flow controllers with that of the gas blender as appropriate. The addition of gas to the 
outer gas flow also required modification of the Plymouth instrument as discussed in 
Section 2.4.1.4. Additional spray chamber cooling, where appropriate, was achieved 
using an ice/water mixture, circulated using a conventional pump (Tempette TE 8A 
Cambridge, UK.). This instrument was used for all studies involving the introduction 
of samples in the aqueous form. 
The second PQ2 instrument was used for laser ablation studies carried out at FI 
Elemental and was used in two configurations. A high sensitivity interface found on 
all PQ instruments since 1991 was used either in the standard configuration or with 
increased suction on the interface. The specific details of this second system are at the 
time of writing confidential. This modification was applied to both Uie old and new 
interface set-ups to give the four different configurations. Again the nebulizer gas line 
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was modified to allow the addition of gas, as discussed in Section 2.4.1.3. 
2.1.2 VG Laserlab 
The VG Laserlab is an accessory to the standard PQ system which allows the analysis 
of solid samples by vaporizing them using pulsed laser radiation. In the Laserlab 
samples are loaded into a quartz glass ablation chamber which is mounted onto an x-y-z 
translation stage. Using a camera and if appropriate, a microscope, a region of the 
sample is then selected for analysis. A Nd:YAG laser running at 1064nm, either Q-
switched or fixed-Q, and with variable power and repetition (shot) rate is then fired at 
the sample and material is ablated from it. This ablated sample is then carried to the 
plasma. The Laserlab used was a standard model. 
2.1.3 Signal gas blender 
Most gas addition was achieved using a gas blender (Signal Instrument Co., 
Camberley, Surrey, UK). The instrument relies on a constant differential pressure 
across an orifice and, as a result, gas flow is dependent on orifice geometry, pressure 
difference, temperature and density of the gas. A schematic diagram of the blender is 
given if Figure 2.1. By applying a constant pressure across the orifice a constant flow 
of gas is obtained i.e. 1 dm^  min *. In the gas blender the output flow can be made up 
of both the stream one and stream two flows, but stream two is preferential to stream 
one. This means that if stream two supplied 0.1 dm^  min *, the final output would be 
90% of one and 10% stream two. The blender works by having a variable orifice on 
stream two, therefore enabling varying flows of the stream two (added or span) gas to 
be mixed with the stream one (argon or other diluent gas) gas. 
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Figure 2.1: Schematic flow diagram of Signal gas blender Series 850 
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2.2 Materials and Chemicals 
Al l chemicals used were ARISTAR grade or equivalent. Standard and calibration 
solutions were prepared from 1000 fig cm'^ stock solutions supplied by Merck (Poole, 
Dorset, UK), with the exception of Be, Co, In and U (Aldrich Chemical Company, 
Milwaukee, USA) and Ce, Dy, Eu, Er, Ho, L A I , La, Nd, Sm, Tb, prepared from, 
CezOa, DyzOj, EujOj, ErjOj , Ho^Oj, LujOj , U2O3, Nd203, SmjOj, YbjO^ respectively, 
(Merck, Poole, Dorset). Internal standardization (Sb, Co, Ce, In, La or Ho, all at 100 
ng cm'^) was used in all the experiments. Al l solutions were prepared in at least 2% 
nitric acid (2 parts concentrated HNO3 in 98 parts millipore grade purified water) 
The spiking of solutions was performed using sodium chloride, hydrochloric acid, 
sodium acetate, sulphuric acid, phosphoric acid, Ba, Ce, Eu, Gd, La, Sm, Pt and Zr 
at varying concentrations as appropriate. 
Twelve certified reference materials were variously analyzed: rice flour, unpolished 
high level Cd (NIES No. 10c) and sargasso (NIES No. 9) National Institute of 
Environmental Standards, Onogawa 16-2, Tsukuba, Ibaraki, Japan; citrus leaves (NIST 
SRM No. 1512), oyster tissue (NIST SRM No. 1566) and glass (NIST SRM 612) 
National Institute of Standards and Technology, Gaithersburg, Maryland, USA; dogfish 
liver (DOLT-1), lobster hepatopancreas (TORT-1), seawater (NASS-2 and NASS-3) 
and riverine water (CLRS-2) National Research Council of Canada, Division of 
Chemistry, Marine Analytical Chemistry Standards Programme, Ottawa, Canada and 
urine (Seronorm), Nycomed, Norway. 
The gases used were of the following grades: Nitrogen 99.999%, hydrogen 99.9 %, 
methane 99% and ethene 99.8%. The ethene was supplied by ECM Ltd (Stoke-on-
Trent, UK) and the remaining gases by Air products Ltd (Walton-on-Thames, UK). 
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2.3 Sample Preparation 
Al l of the solid biological reference materials were digested using microwave bomb 
digestion. Approximately 0.2g of the CRM was weighed accurately into a microwave 
bomb (Savillex Corp., Minnetonka, Minnesota, USA). Nitric acid (3 cm^) and H2O2 
(2 cm', 30%) were added. The bombs were placed in a sonic bath for 2 minutes to 
promote the dispersion of the dry CRMs into the digestion media. The bombs were 
then left overnight at room temperature, allowing the digestion process to commence. 
The vessels were sealed hand tight then microwaved in a domestic microwave oven for 
five minutes at low power (150 W). After ice-bath cooling for five minutes and careful 
pressure release, the bombs were clamped shut and microwaved at medium power (350 
W) for Vh minutes. After cooling, the solutions were transferred quantitatively to 
volumetric flasks and made up with millipore grade water. The seawater, riverine 
water and urine were diluted as appropriate. Five replicates of each sample were 
prepared. 
2.4 General procedures 
2.4.1 Gas addition 
2.4.1.1 Via standard organics kit 
The nebulizer gas line of the PQ2 instrument is fitted with a second mass flow 
controller (MFC) and mixing unit which allows the addition of a second gas to the 
argon nebulizer flow. The stated purpose of this facility is to add oxygen to the 
nebulizer gas in order to allow the analysis of organic samples without the deposition 
of carbon on the cones. Whilst intended for oxygen addition, this facility can admit 
any gas to the nebulizer flow at approximately 0.03 dm' min * - 0.20 dm' min**, and 
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it was used for the initial nitrogen addition studies. This method however, does not 
give accurate and reproducible gas addition, and for these reasons was not employed 
extensively. 
2.4.1.2 Via gas blender 
To overcome the problems of adding gas via the PQ2 organics kit. gas addition to the 
nebulizer and intermediate gas flows was undertaken using a gas blender. In practice 
this meant replacing the standard argon gas line with that from the output of the gas 
blender. This output was metered using a 2 dm^ min * argon MFC. This combination 
allowed both the total gas flow and the percentage mix gas to be controlled 
independently. 
2.4.1.3 Gas addition in conjunction with laser ablation sampling 
The addition of gas to the laser ablation system was achieved by fitting a 'swirl* 
chamber to the base of the torch into which the argon and the added gas were both 
admitted. This swirl chamber was simply a small glass cylinder with two arms onto 
which the gas lines were attached. The flow of the added gas was metered with the 
use of an MFC. 
2.4.1.4 Addition to the outer gas 
Owing to the large volumes of gas involved with the outer gas flow the gas blender 
could not be used for this application. To achieve gas addition the argon outer gas 
flow was taken into a brass T ' piece and allowed to mix with the added gas prior to 
the mix being carried to the torch in the normal way. The flow of the added gas was 
controlled by a rotameter for the nitrogen addition and by an MFC for the addition of 
methane. For methane the gas blender was used on line with the above system to act 
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as pre-mixer in order for the methane level to be low enough not to extinguish the 
plasma. This set-up is shown in Figure 2.2. 
2.4.1.5 Safety aspects 
Certain safety procedures had to applied when using methane, ethene and hydrogen 
owing to their flammable nature. In practice this meant active venting of the exhaust 
gas from the gas blender to the open atmosphere, and the use of a flashback arrestor 
on the gas cylinder head. 
2.4.2 Initial univariate searches 
The initial studies with all of the gases employed took the form of simple univariate 
searches to assess the effect of the operating parameters on the response of various 
species, both analyte and interferent. This method was common in the early work on 
ICP-MS^^* and also initial studies of nitrogen addition to the ICP*'° In practice the 
effect of each of the key parameters was assessed in turn whilst the other parameters 
were held constant, and this process was repeated both with and without the added gas. 
2.4.3 Variable step size simplex optimization procedure 
It was quickly realized that the univariate investigations were not able to define the 
optimal conditions for maximum interference removal, and that a more rigorous 
multivariate technique, such as simplex, was required. The simplex procedure is 
discussed in Section 1.4. The simplex procedure was used to optimize the instrument's 
operating parameters and also the amount of added gas. The parameters used varied 
according to the simplex as experience soon pointed to the parameters which had no 
effect on the overall performance of the instrument. The figure of merit for many of 
the simplex optimizations was the ratio Co*/interference. Exceptions were the CeO* 
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Figure 2.2: Gas addition to the outer gas flow; A gas added direct to T piece 
B gas added to T piece via gas blender 
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optimization where Ce*/CeO* was used and the multi-element sensitivity experiments 
(Section 7.1) where a more complex figure of merit was employed. This was based 
on the SBRs of ten elements across the mass range, and had been previously used by 
Ebdon and Carpenter'*" *" for an ICP-AES optimization of trace and minor species. 
The figure of merit (FoM) was defined as: 
n / E (SBR)-^ 
Where n is the number of elements used in the optimization. 
The simplex optimization was considered to have finished when the n + 1 highest 
ratios agreed to within 5% and from these ratios the optimal conditions were defined. 
The conditions were tested by univariate searches, where n-1 parameters were held 
constant, whilst the remaining parameter was changed. This acted to confirm the 
position of the optimum and identify the key parameters. 
69 
CHAPTER THREE 
THE ADDITION OF NITROGEN TO 
THE INDUCTIVELY COUPLED PLASMA FOR 
THE REMOVAL OF POLYATOMIC ION 
INTERFERENCES 
70 
CHAPTER THREE: THE ADDITION OF NITROGEN TO THE INDUCTIVELY 
COUPLED PLASMA FOR THE R E M O V A L OF POLYATOMIC ION 
INTERFERENCES 
3.1 Introduction 
Many of the early reports on the use of mixed gas ICPs for the removal of polyatomic ion 
interferences (PIIs) in ICP-MS, have concentrated on the use of nitrogen addition*^*'*^ 
The nitrogen has been added to the outer (coolant) gas flow"^ ' " "***^and the nebulizer 
gas flow'^°-*" with equal degrees of success. This chapter details work that was 
undertaken looking at the addition of nitrogen to all three of the gas flows of the ICP, and 
its use in the removal of PDs was evaluated with particular reference to the A r C r 
interference. The addition of nitrogen to the nebulizer gas is the subject of a number of 
papers and these highlight an interesting dichotomy of approaches to the addition of 
nitrogen to ICPs: that of addition to the outer gas versus addition to the nebulizer gas. 
The advantages of adding the nitrogen to the outer gas are claimed to be better analytical 
utility compared with addition to the nebulizer. The disadvantages, certainly on some 
commercial instruments, is that it reduces plasma stability and increases the load on the 
generator (reflected power). The addition of nitrogen or indeed any gas to the nebulizer 
flow causes less plasma disturbance and is more efficient as far less gas (V/V) need be 
added. This may be important i f the added gas is expensive, such as xenon. 
3.2 Addition of nitrogen to the nebulizer gas 
3.2.1 Introduction 
The first paper to report the successful use of nitrogen addition"**, added it to the nebulizer 
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gas flow, and found that it gready reduced polyatomic interferences. The addition of 
nitrogen to the nebulizer was undertaken to take this work further and also provide a 
logical point to commence a comparative study of nitrogen addition to all three gas flows. 
3.2.2 Experimental 
With the exception of the initial experiments the addition of nitrogen was achieved using 
the gas blender (Section 2.4). Three certified reference material digests, (rice flour, citrus 
leaves and oyster tissue see section 2.2) were spiked with increasing levels of chloride (0, 
100, 1000 and 10000 ^g cm'\ added as sodium chloride) and analyzed with and without 
nitrogen addition to the nebulizer gas (at 4% V/V) . Standard As, Se and V (100 ng cm"^ ) 
and V (10 ng cm'^) solutions were similarly spiked with chloride (0, 10. 100, 1000 and 
10000 fig cm"^  as HCl). The spiking agent was changed, because at high sodium chloride 
levels cone blockage became a problem. These solutions were analyzed at a range of 
nitrogen addition levels (0, 3.5, 5.0, 6.5 and 8.0%). A standard solution of Ce, La, Ho,. 
Tb and U (100 ng cm"*) was analyzed with increasing concentrations of nitrogen in the 
nebulizer to assess its effect on MO*, M N * , and M^* and the effect on ArO* species was 
also assessed. Al l the solutions used above were spiked with indium as an internal 
standard to a final concentration of 100 ng cm ^ 
A variable step size simplex optimization procedure, using the ratio of Sb"*^  to A r C r 
(Sb*/ArCr) as the criterion of merit, was used to define the optimal operating conditions 
for the addition of nitrogen. This is described fully in section 2.4.3. For this experiment 
a solution of 100 ng cm-^  Sb and 10000 fig cnv^ chloride was used. The optimal 
conditions were tested by the use of univariate searches and by determining detection limits 
for As, Se and V in increasing levels of chloride (0, 100, 1000, 10000 and 33000 fig cm ' , 
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as HCl) and by the determination of As in certified seawater (NASS-2). 
3.2.3 Analysis of chloride spiked CRMs 
Figures 3.1 - 3.3 show the apparent arsenic concentration, with and without nitrogen 
addition, plotted against the chloride concentration for the three chloride spiked certified 
reference materials. It can be seen that in all of the reference materials the A r C r 
interference was removed at up to 1000 fig cm'^  chloride but became significant at 10000 
fig cm"^  chloride, where positive error was found in the apparent arsenic value. The data 
without nitrogen addition for the three reference materials shows that even without a 
chloride spike there is a positive bias in the apparent arsenic value demonstrating the value 
of nitrogen addition. These initial data indicated that a more rigorous optimization 
technique was needed to investigate the addition of nitrogen. 
Analysis of dogfish liver digests spiked with sodium acetate to an equivalent concentration 
of sodium as in the sodium chloride spiked digests gave data coincident with the certificate 
value. This showed that the sodium was having no effect on the determination of arsenic 
in the CRMs. 
It was also noted that when nitrogen was added to the nebulizer gas flow the indium 
response was reduced less than without the nitrogen, when samples high in sodium (acetate 
or chloride) were aspirated. These observations appear to agree with results found by 
Beauchemin and Craig and other workers"** " ' who added nitrogen to the outer gas flow 
and found it beneficial in reducing the 'matrix effects' of sodium. 
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Figure 3.1: Apparent arsenic concentration in chloride spiked CRM rice flour 
(NIES 10c) with and without nitrogen addition to the nebulizer gas 
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Figure 3.2: Apparent arsenic concentration in chloride spiked CRM citrus leaves 
(NIS11572) with and without nitrogen addition to the nebulizer gas 
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Figure 3.3: Apparent arsenic concentration in chloride spiked CRM dogfish liver 
(DOLT-1) with and without nitrogen addition to the nebulizer gas 
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3.2.4 Analysis of standard arsenic, selenium and vanadium Solutions 
To investigate the addition of nitrogen further a series of standard solutions were analyzed. 
The analysis of 1(X) ng cm~^  selenium solutions showed the data whilst being imprecise, 
was still a considerable improvement over the analysis without nitrogen where at 10000 
fig cm'' chloride the apparent selenium value was approximately 6000 ng cm ' . The poor 
quality of the data was attributed to the low level of ionization of Se and that both ^ Se and 
^Se are low abundance isotopes. 
As can be seen in Figure 3.4, the 100 ng cm ' vanadium solutions gave values within 10 
% of that expected for all levels of nitrogen and chloride. It was anticipated that the 
interference from *^N''C1 would become significant at higher nitrogen and chloride levels, 
as this had been seen in the CRMs, and has been reported previously''*. Again analysis 
with an all argon plasma showed the importance of nitrogen in removing polyatomic ion 
interferences. The data obtained by similar analysis of 10 ng cm ' vanadium solutions are 
shown in Figure 3.5 and demonstrate the NCI"*" interference adding to the residual CIO"*" 
at higher nitrogen and chloride levels. 
In Figure 3.6 the apparent arsenic concentration is shown for the analysis of 100 ng cm ' 
arsenic solutions at increasing nitrogen and chloride levels. This graph is as expected; at 
higher levels of chloride the ArCl"*^ interference became worse and hence the apparent 
arsenic concentration increased, but at higher nitrogen levels this interference was less 
severe. 
3.2.5 Further nitrogen addition experiments 
Figure 3.7 shows the percentage metal oxide formation with increasing nitrogen in the 
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Figure 3.4: Apparent V concentration with increasing nitrogen 
in the nebulizer gas and with increasing chloride (100 ng cm-^ 
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Figure 3.5: Apparent V concentration with increasing nitrogen 
and chloride (10 ng cnr^ 
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Figure 3.6: Apparent As concentration with increasing nitrogen 
in the nebulizer gas and with increasing chloride (100 ng cm^) 
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Figure 3.7: Percentage MO"^  formation with increasing nitrogen 
in the nebulizer gas flow 8 r Element 
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nebulizer gas flow for the refractory elements: Ce, Ho, La, Tb and U . It was found that 
nitrogen levels up to 2% caused a large fall in oxide formation and this was then followed 
by a plateau for all of the elements. The degree to which the oxide was reduced varied 
from two times for U to six times for La. This showed that the addition of nitrogen was 
having a beneficial effect in reducing the amount of oxide formed. This has been found 
previousl/* '^' but these papers deal with nitrogen addition to the outer flow and also use 
additional methods for oxide reduction, such as spray chamber cooling and partial 
desolvation"', and the use of membrane separators and water traps**. Lam and Horlick"^ 
showed that the addition of 20% nitrogen to the central channel resulted in almost total 
LaO*^ removal, without a significant reduction in the lanthanum response (provided the 
nebulizer flow was adjusted). This compares well with data here except that much lower 
nitrogen levels were used than in their work. It should be noted, however, that the 
reductions in MO* recorded here were purely as a result of increased nitrogen in the 
nebulizer flow, no reduction in water loading was undertaken and the instrumental 
conditions were not optimized. The increase in CeO* at high nebulizer flows was found to be 
anomalous 
Scanning of the masses coincident with possible metal nitride and M^ "*^  peaks of the 
elements Ce, Ho, La, Tb and U, showed no evidence of M N * or M "^*^ . The absence of 
M N * is consistent with the findings of Lam and McLaren^ who report never having 
observed refractory metal nitrides with nitrogen addition to the outer gas. The ArO* 
signal fell with the addition of 1-2% nitrogen, and then formed a plateau from there up 
to 8%. This does not represent a useful reduction in the interference, but once again this 
is without any form of aerosol processing. 
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3.2.6 Simplex optimization of operating conditions for the removal of ArCl^ with 
nitrogen addition to the nebulizer gas flow. 
The optimal conditions for the addition of nitrogen to the nebulizer gas are given in Table 
3.1. At these conditions the plasma was seen to be dimmer than normal, and it was also 
seen that the central channel was much wider than normal and as a consequence the outer 
region was smaller. The more diffuse than normal nebulizer region probably accounted 
for the loss of sensitivity for antimony that was found (about 80000 ACPS to about 10000 
ACPS), however this was far less severe than the reduction in the ArCl* response which 
fell to almost background levels (about 50000 ACPS to about 100 ACPS). Univariate 
searches at the optimal conditions are given in Figures 3.8a - 3.8e and showed the power, 
nebulizer and nitrogen to lie at the simplex defined conditions, whilst the outer and 
intermediate gas settings were seen to be unimportant to the Sb^/ArCr ratio. This is in 
agreement with other workers** who found power and nebulizer flow rate to be the most 
important parameters. The addition of nitrogen to the nebulizer gas further improved the 
ratio of Sb"*^ /ArCl'*^  from 10 - 20 without nitrogen to approximately 300 with nitrogen. 
Table 3.2 shows the detection limits determined at these conditions for arsenic, selenium 
and vanadium at various chloride levels. The most important point of note is the detection 
limit for arsenic in the presence of 33000 fig cm'' chloride (10% HCI) which at 2.1 ng 
cm"' is virtually the same as the normally attainable detection limit for arsenic in the 
absence of chloride. The ArCI* was equivalent to a background concentration of 5.7 ng 
cm ' . It has been shown that these conditions will allow the determination of arsenic in 
matrices that are extremely high in chloride such as HCI. 
The analysis of the NASS-2 seawater was undertaken using both the optimized conditions 
and typical all argon conditions and both sets of data are presented in Table 3.3. The 
results from the all argon plasma were 30(X)-40(X) times too high. The data for the 
*NB The Sb"^/ArCr ratio was used in an attempt to, match the ionization energy of arsenic 
with antimony and the ratio allowed for drift correction 
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Table 3.1: Simplex optimal conditions for the removal of ArCr with nitrogen 
addition to the nebulizer gas. 
Parameter Value 
Gas flows/dm^ min *: Outer 13.0 
Intermediate 1.0 
Nebulizer 0.9 
Nitrogen/% 4.50 
Forward power/W 1300 
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Figure 3.8: Effect of A, Nebulizer gas and B, Forward power on SbVArCI* 
ratio at simplex optimal conditions for the addition of nitrogen to 
nebulizer gas for the removal of ArCI* 
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Figure 3.8: Effect of C, % nitrogen and D, intermediate gas flow 
on Sb7ArCr ratio at simplex optimal conditions for the addition of 
nitrogen to the nebulizer gas flow for the removal of ArCI * 
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Figure 3.8: Effect of E. Outer gas flow on SbVArCI* ratio 
at simplex optimal conditions for the addition of nitrogen to 
the nebulizer gas for the removal of ArCI* 
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T A B L E 3.2: Detection limits determined for arsenic, selenium and vanadium at 
increasing chloride concentrations using simplexed optimal conditions for nitrogen 
addition to the nebulizer gas 
Chloride 
Level 
fig cm ' 
Detection limit ng cm ' (3 cr) 
^Se 
0 0.21 0.78 4.9 6.2 
100 0.12 0.48 6.5 6.5 
1000 0.48 0.69 3.9 42 
10000 1.5 1.1 23 31 
33000 13 2.1 25 200 
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T A B L E 3.3: Apparent As concentration in NASS-2 C R M seawater at different 
dilutions for typical all argon conditions and for simplex optimized conditions 
Dilution step Typical conditions Optimized conditions 
lOx 7.42 ± 0.43 < 0.005 
5x 7.95 ± 0.32 0.008 ± 0.002 
2x 5.56 ± 0.3 0.013 ± 0.001 
Expected value 0.00165 fig c m A l l values cm"' and are for duplicate analyses 
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simplex optimized conditions were seen to be a considerable improvement over the typical 
all argon conditions with the values ranging from 3-6 times too high. The use of flow 
injection techniques, to reduce cone blockage, could overcome the need to dilute the 
samples and hence facilitate accurate arsenic determination. 
3.3 Addition of Nitrogen to the Intermediate Gas Flow 
3.3.1 Introduction 
To date the addition of nitrogen to the intermediate gas flow has only been reported by 
Wang et alwho found it to be of little value in reducing PIIs, The addition of nitrogen 
to the intermediate gas flow was performed to assess fully all the possible points of adding 
nitrogen so that a comparison could be made and the most effective point of addition 
assessed. 
3.3.2 Experimental 
The addition of nitrogen to the intermediate gas flow was performed using the gas blender. 
Univariate searches similar to those performed by Evans and Ebdon"^ were performed to 
assess the effect of nebulizer gas flow (from 0.6-1.2 dm' min *), and intermediate gas flow 
(from 0.6-2.0 dm' min ' ) , with 2% nitrogen in the intermediate gas, at 16(X) W on: Be, 
Ce, Co, La, Pb and U; CeO, LaO and UO; CIOVNCr(mass 51), A r N ^ ArO*. A r C r 
and Ar2* . Analogous searches without any nitrogen addition were performed for 
comparison. Simplex optimization of the operating parameters was undertaken and 
performed in the same way as described for the nitrogen addition to the nebulizer 
experiments. The determination of the detection limits and the univariate searches were 
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also performed as described above (Section 3.2.6). 
3.3.3 Effect of nebulizer and intermediate gas flow adjustment with all argon and 
nitrogen - argon plasmas 
It was found that the instrument could tolerate just 3% (V/V) niu-ogen added to the 
intermediate gas. The nitrogen was found to cause the plasma to shrink away from both 
the sampler cone and the torch probably due to the proximity of the nitrogen to the 
induction region. It was found that 2% nitrogen added to the intermediate gas had very 
little effect on any of the species measured as a function of the nebulizer gas flow when 
compared with the all argon plasma data, Le. the plots were very similar. A 50% loss of 
sensitivity was found for nitrogen addition to the intermediate gas, although for some of 
the interferences the response increased with the addition of nitrogen. The optimal 
nebulizer flow was unaltered by addition of nitrogen to the intermediate gas unlike the 
optimal nebulizer flow when nitrogen was added to the outer gas*"-''^  which may have 
been expected considering the physical appearance of the plasma i.e. similar to the plasma 
when nitrogen added to the outer gas. Varying the intermediate gas flow also produced 
data that were similar for both plasma types, i.e. with all the plots being essentially flat. 
These univariate searches indicated that the addition of nitrogen to the intermediate gas 
flow was not beneficial for interference removal. 
3.3.4 Simplex optimization of the operating parameters for the removal of ArCr with 
nitrogen addition to the intermediate gas flow. 
This was carried out as described in Section 3.2.6 and the optimal conditions are given in 
Table 3.4. Using these conditions the plasma was seen to be smaller than usual, and most 
importantly had a wide central channel similar to that when.the nitrogen was added to the 
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Table 3.4: Simplex optimal conditions for the removal of ArCr with nitrogen 
addition to the intermediate gas 
Parameter Value 
Gas flows/dm' min ': Outer 13.0 
Intermediate 0.5 
Nebulizer 1.2 
Nitrogen/% 2.50 
Forward power/W 1350 
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nebulizer gas. The simplex optimized conditions for the addition of nitrogen to the 
intermediate gas flow, whilst showing effective removal of the ArCl*, (absolute response 
of about 100 ACPS) were not as good as those previously found. This was judged in 
terms of the best ratio of Sb* to ArCl"*" that was obtained and which was found to be at 
least five times poorer and the BEC was found to be larger. 
As with the previous simplex a series of univariate searches were performed on these 
conditions. The most interesting information derived from these searches was that the 
nitrogen was having very little effect on the ratio, it merely improved the ratio from 
approximately 30 to a best of approximately 45 as shown in Figure 3.9. It was apparent 
that the forward power and the nebulizer gas flow caused most of the ArCK signal loss 
and that the nitrogen was merely removing a few additional A r C r ions. This hypothesis 
was later confirmed, see Section 3.2.6, and further indicated that the addition of nitrogen 
to the intermediate gas flow was of little practical value. 
As above, the conditions were tested for their analytical performance by determining the 
detection limits for arsenic, selenium and vanadium with increasing levels of chloride, (see 
Section 3.2.6). The results are shown in Table 3.5 and are similar to those found at the 
optimal conditions for addition of nitrogen to the nebulizer gas. 
3.4 Addition of nitrogen to the outer gas flow 
3.4.1 Introduction 
Reports on the addition of nitrogen to argon ICPs have included many papers discussing 
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Figure 3.9: Ratio of Sk) to ArCI^A/ith nitrogen added to the intermediate gas flow 
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Table 3.5: Detection lioiits determined for arsenic, selenium and vanadium at 
increasing chloride concentrations using simplexed optimal conditions for 
nitrogen addition to the intermediate gas. 
Chloride 
Level 
Mg cm-' 
Detection limit ng cm'' 
M y ^Se "^Se 
0 0.06 1.5 23 8.5 
100 0.06 1.5 11 40 
1000 0.51 1.5 8 80 
10000 2.9 3.1 15 19 
33000 16 4.9 33 — 
No calibration 
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its use as an additive to the outer gas flow"^ " ' *^  ' " "^ '^ . These authors have found it 
to be of great value in reducing a whole range of interferences, with MO* interferences 
particularly studied. The use of nitrogen addition to the outer gas flow has also been 
reported to reduce non-spectral interferences"*^ " ' . 
3.4.2 Experimental 
The addition of nitrogen to the outer gas was achieved using a standard air rotameter as 
discussed in Section 2.4.1.4. Univariate searches were performed to assess the effect of 
nebulizer (0.6-1.2 dm^ min *), intermediate (0.6-2.0 dm^ min *) and outer gas flow (13-15 
dm^ min *), with 200 cm' min * nitrogen in the outer gas, at 1600 W on: Be, Ce, Co and 
U; CeO; background at masses 150 and 220; C10*/NCr (mass 51). ArO*, ArCl"" and 
Arj* . Again searches were repeated without any nitrogen. In exactly the same way as 
discussed previously, (Section 3.2.6) the operating conditions were simplex optimized and 
the associated experiments were performed. 
3.4.3 Initial studies. 
The introduction of even the smallest amount of nitrogen into the outer gas caused the 
plasma to shrink away from both the torch and the sampling cone. The maximum nitrogen 
addition that the instrument could tolerate was a flow of 300 cm' min ' nitrogen in 
approximately 15 dm' min ' argon which is approximately 2%. It was noted that the level 
of nitrogen able to be employed here was far less than previous workers have achieved. 
Lam and Horlick*" added nitrogen at 5 - 20%, Lam and McLaren"^ at 8% and 
Beauchemin and Craig"* " ' at 0 - 10%. None of these workers reported a problem with 
the reflected power, however they all used the Sciex instrument which has different tuning 
characteristics. Recent changes to the VG instrument at Plymouth have, to some extent, 
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alleviated the problem of high reflected power. 
3.4.4 Effect of nebulizer, intermediate and outer gas flow adjustment with aU argon 
and nitrogen - argon plasmas 
The maximum response of the analytes measured shifted from a nebulizer flow of around 
0.9 dm' min * with an all argon plasma to the maximum flow of 1.2 dm' min * with the 
nitrogen-argon plasma and the maximum response was approximately 50% higher in the 
nitrogen containing plasma. The increase in the optimal nebulizer flow is no doubt due 
to shrinkage of the plasma moving the sampling zone away from the cones, the increase 
in nebulizer flow correcting for this shrinkage. 
The response of CeO* was similar for both of the plasmas, but at higher nebulizer gas 
flows the percentage oxide formation remained low for the nitrogen-argon plasma. This, 
considered together with the enhancement of the cerium signal, resulted in an improvement 
in the level of oxide when compared with the all argon plasma. The other interferent ions 
(ArCr, NCI^/CIO*, ArO"*^  and Arj"^) behaved in a similar way to the analytes. The 
maximum response was found at a higher nebulizer flow (1.0 dm' min * compared with 
0.8 dm' min *) the response being enhanced in the nitrogen-argon plasma when compared 
with the all argon plasma. As a consequence the ratios were actually poorer in the 
nitrogen-argon plasma so no improvement was found. Despite the implications that the 
addition of nitrogen to the outer gas was not going to be of great value, the operating 
conditions were simplex optimized in the same way as before. 
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Table 3.6: Simplexed optimal conditions for the removal of ArCl^ with nitrogen 
addition to the outer gas 
Parameter Value 
Gas flows/dm^ min**: Outer 15.0 
Intermediate 0.5 
Nebulizer 1.2 
Nitrogen/cm^ min ' 300 
Forward power/W 1300 
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3.4.5 Simplex optimization of the operating parameters for the removal of ArC^ with 
nitrogen addition to the outer gas flow. 
This was carried out as before (see Section 3.2.6). The optimized conditions, which were 
very similar to those found with previous optimizations are shown in table 3.6. These 
conditions change the plasma considerably causing the induction region to be much 
brighter than normal and the region of the plasma impinging on the cone to be virtually 
invisible. The whole plasma was found to taper towards the sampler cone. Once again 
die plasma had a dim and diffuse central channel as found in all of the simplex 
optimizations. 
Univariate searches were undertaken to check the optimum conditions. The nebulizer, and 
nitrogen gas flows and the forward power were all shown to have been optimized correcUy 
and the outer and intermediate gas flows were shown not to be influencing the Sb /^ArCl"*" 
ratio, consistent with previous findings. The removal of ArCr was effectively complete 
with these conditions, the absolute counts being in the order of approximately 50 ACPS. 
In the same way as before (Section 3.2.6) detection limits were determined (Table 3.7) and 
were found to be broadly comparable with others determined. 
3.5 Simplex Optimization of the Operating Parameters for the removal of ArCl'*' with 
an all Ai^on Plasma and comparison with nitrogen addition 
3.5.1 Introduction 
This experiment was undertaken to investigate by how much the ArCl* signal could be 
reduced without nitrogen addition. A rigorous optimization of the operating conditions of 
an all argon plasma for the removal of ArCr have not been reported previously, although 
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Table 3.7: Detection limits determined for arsenic, selenium and vanadium at 
increasing chloride concentrations using simplexed optimal conditions for 
nitrogen addition to the outer gas 
Chloride 
Level 
fig cm"' 
Detection limit ng cm'^  
0 0.09 1.1 4 4 
100 0.12 0.24 20 10 
1000 0.24 1.1 11 7 
10000 3.9 1.0 13 8 
33000 20 — 26 — 
No calibration 
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a number of workers have reported on the effect of simple univariate searches of all argon 
plasmas on PU response". 
3.5.2 Results and discussion 
The previous optimization procedure was adopted. The optimal conditions found are given 
in Table 3.8. The plasma looked similar to that using the nitrogen conditions but the 
central channel was not as wide. The actual performance using these conditions was found 
to be poorer than in the nitrogen work with the ratio of Sb*/ArCr in the region of 20 to 
40 as opposed to 200 - 300. This is discussed further below. Once again detection limits 
were determined as described in Section 3.2.6 and are given in Table 3.9. The detection 
limit experiment showed a limitation of these conditions in that they produced a very large 
'^^Ar2* peak which interfered with the ^^ As"^  due to the low resolution of the quadrupole 
and at the higher chloride levels the calibration graphs were very poor. 
3.5.3 Comparison of the all argon and nitrogen-argon optimized conditions for the 
removal of A r C r 
The four simplex optimizations can be compared for their analytical capabilities by either 
looking at the detection limits or by looking at the ratios for Sb* to ArCr . The use of 
detection limits does not clearly show any one to be better than any other, although the 
BECs for the various interferents are better with the addition of nitrogen to the nebulizer 
and outer gas flows. In Table 3.10 data on the various ratios obtained with the conditions 
are presented, and it is apparent that the all argon plasma conditions gave the poorest 
ratios, although interestingly the conditions for nitrogen addition to the intermediate gas 
were very similar. The nitrogen addition to the nebulizer gas and outer gas simplex 
optimizations however, showed a considerable improvement. From this it was concluded 
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Table 3.8: Simplexed optimal conditions for the removal of ArCr 
with an all argon plasma 
Parameter Value 
Gas flows/dm' min *: Outer 18.0 
Intermediate 0.8 
Nebulizer 1.2 
Forward power/W 1300 
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Table 3.9: Detection limits determined for arsenic, selenium and vanadium at 
increasing chloride concentrations using simplexed optimal conditions for an all 
argon plasma 
Chloride 
Level 
Hg cm ' 
Detection limit ng cm"' 
S l y "As ^Se '»Se 
0 0.96 3.5 15 14 
100 0.78 — 21 — 
1000 1.14 11 30 100 
10000 10 3.5 22 26 
33000 20 30 90 60 
— No calibration 
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Table 3.10: Ratios obtained for Sb*/ArCr in the four simplex optimizations for 
the removal of the ArCr Interference 
Optimization 
(point of addition) 
Maximum ratio during 
optimization 
Range of ratios 
found during univariate 
searches 
Nebulizer 492 200 - 350 
Intermediate 50 30-35 
Outer 105 100 - 250 
All argon 46 15-25 
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that with nitrogen addition to the intermediate gas the vast majority of the ArCr removal 
was as a result of the other parameters, particularly the power and the nebulizer flow and 
that the nitrogen was not having any significant effect. This was seen from the nitrogen 
univariate search for this experiment shown in Figure 3.9. Nitrogen was certainly an 
important parameter in the outer and nebulizer gas addition simplex optimization 
experiments as can be seen from the respective searches in Figures 3.8c and 3.10. 
3.6 Discussion 
3.6.1 Applications of nitrogen addition 
The addition of nitrogen to either the outer or the nebulizer gas flow has been shown to 
be very effective in the removal of polyatomic ion interferences. The use of nitrogen 
addition may be favoured over other gases because it is inexpensive and not subject to 
restrictive safety requirements. The choice of whether to add the nitrogen to the nebulizer 
or the outer gas is somewhat difficult to make using analytical criteria, as the interference 
removal is found to be similar for both points of addition. In terms of ease of addition 
however, the addition of nitrogen to the nebulizer gas is favoured as this method can 
utilize die organics kit supplied with the instrument. Whilst nitrogen addition has been 
investigated particularly for the removal of chloride based interferences in this work, other 
PIIs such as MO"*^  have also been shown to be reduced by the addition of nitrogen. In fact 
other workers in this laboratory have recently used nitrogen addition to reduce the NaAr* 
interference. The reduction of chloride based interferences means that marine samples can 
be analyzed more easily for arsenic, selenium and vanadium and this has been 
demonstrated with some success with the analysis of the NASS-2 reference material. 
Extension of the applications of nitrogen addition to other interferences will enable its use 
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Figure 3.10: Ratio of Sb to ArCI with increasing nitrogen added to the outer gas 
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in a range of sample types as has been shown r e c e n t l y I n addition, the coupling 
of nitrogen addition to the techniques of desolvation and flow injection analysis will further 
expand its range of applications. 
3.6.2 Implications of nitrogen addition data on elucidating mechanisms for 
interference removal 
Other authors*'"""^  "'** '^ have suggested mechanisms for the reduction of interferences in 
nitrogen - argon plasmas. The "hotter" plasma that is produced when nitrogen is added 
to the plasma may lead to greater thermal decomposition of metal oxides in the plasma. 
The physical changes to the plasma with nitrogen addition may further separate the oxide 
rich initial radiation zone (IRZ) ^om the zone of maximum ion density the normal 
analytical zone (NAZ) and it has been seen in this work the plasma size and shape is 
certainly altered with the addition of nitrogen. Changes may also be occurring in the size 
and shape of the barrel shock and Mach disc in the interface region, although evidence for 
this is only qualitative. The early explanation of interference removal, that of competitive 
formation of alternative species, would seem to be supported by this study where many 
nitrogen based interferences have been observed, the NCI* interference is a particular 
problem for vanadium determinations. This explanation is however, considered too 
simplistic. The formation of such species as NC*", which have been observed, 
undoubtedly play a part in reducing the ionizing capabilities of the plasma and hence 
reduce the levels of the polyatomic interferences. 
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3.7 Conclusions 
Nitrogen addition to either the outer gas or tiie nebulizer gas is effective in the removal 
of a range of polyatomic ion interferences, particularly chloride based interferences. The 
use of nitrogen addition will facilitate the analysis of a range of samples for elements 
which were previously impossible, for example, arsenic in seawater. The work with 
nitrogen addition has also given some clues as to the mechanisms which remove these 
interferences. 
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CHAPTER FOUR 
THE ADDITION OF METHANE TO 
THE INDUCTIVELY COUPLED PLASMA 
FOR THE REMOVAL OF 
POLYATOMIC ION INTERFERENCES 
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CHAPTER FOUR: THE ADDITION OF METHANE TO THE INDUCTIVELY 
COUPLED PLASMA FOR THE REMOVAL OF POLYATOMIC ION 
INTERFERENCES 
4.1 Introduction 
Having explored the addition of nitrogen to ail three gas flows of the argon ICP, an 
alternative molecular gas was sought and methane was selected as the obvious choice. 
This was based simply on the similar atomic mass of carbon and nitrogen and the ready 
availability of methane gas, thus overcoming the potential expense that a gas such as 
Xenon'^' incurs. The addition of hydrocarbon gases in ICP-AES i.e.*" has been far more 
widely reported than in ICP-MS*"•*^^ Allain et fl/.*" used the addition of methane to 
enhance analyte signals, particularly of elements with high ionization potentials. Wang 
er o/.*^ ^ used methane addition to all three gas flows and found it to behave similarly to 
the addition of nitrogen though they favoured the latter. Methane is somewhat more 
problematic than nitrogen for a number of reasons: safety aspects have to be considered 
and more importantiy the maximum addition of methane is limited by the deposition of 
carbon on the sampling cone, as was found by Wang et a/.*". For the addition of 
methane to the nebulizer gas this meant that no more than 1.5 % (V/V) could be added and 
that the flow of the aqueous sample had to be maintained at all times. Within these minor 
constraints the addition of methane was undertaken in the same way as the addition of 
nitrogen. 
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4.2 Addition of methane to the nebulizer gas 
4.2.1 Introduction 
The addition of methane to the nebulizer gas has only been reported by one other group'" 
and they found it to offer no improvements over nitrogen addition. Addition to the 
nebulizer gas was the obvious starting point for these studies since this had been found to 
be the most successful point of addition with nitrogen and caused the least plasma 
disturbance. 
4.2.2 Experimental 
Methane addition to the nebulizer gas was achieved using a gas blender as described in 
Section 2.4.1.2. For simplex optimization experiments involving oxygen based PIIs the 
spray chamber temperature was maintained at around 1*C by the use of an ice/water 
mixture. 
Five certified reference materials were analyzed: sargasso, oyster tissue, lobster 
hepatopancreas, seawater and urine (see Section 2.2). Standard solutions of Sb, As, Be, 
Co, Ce, In, Pb, Se, U and V were prepared at 100 ng cm \ 
Univariate searches were performed to assess the influence of the nebulizer gas flow (0.6 
- 1.2 dm^ min *), percentage methane (0.0 - 1.5) and forward power (1200 - 1800 W), 
on Be, Ce, Co, In, Pb and U, PIIs and MO*. These experiments were undertaken, where 
appropriate, with and without methane addition to the nebulizer gas, and used the 
following fixed operating conditions: outer gas flow, (15 dm' min'*), intermediate gas 
flow, (1.0 dm' min *) and methane 0 or 1%. 
I l l 
Four sq)arate variable step size simplex optimizations were performed to find the optimal 
conditions to reduce or remove ArCr , ArO"*", CIO* and CeO*. The optimal conditions 
defined by these simplex optimizations were tested by determination of detection linuts for 
As, Se and V in the presence of increasing levels of chloride (0, 100. 1000. 10000 and 
33000 ng cm"') and Eu, Gd and Sm in the presence of increasing levels of Ba, Ce and La 
(0, 1, 10 and 100 ^g cm'') and also for Fe. Recovery tests with different operating 
conditions of similarly spiked solutions of As, Se and V solutions were also performed. 
Analysis of the CRMs was undertaken at the optimal conditions for each analyte and at 
typical all argon operating parameters. To investigate the possibility of MC* and MH* 
formation solutions of a number of mono-isotopic elements (Rh,Tb and Ho) were prepared 
at 50 ng cm'^  and spiked at increasing levels (0. 1, 10 and 100 /xg cm'') of the potential 
interference precursors (Zr, Sm and Eu). 
4.2.3 Initial experiments 
It was found that the addition of methane to the nebulizer gas had far less profound effects 
on the plasma than the addition of nitrogen (see Chapter 3). At the maximum possible 
input of methane of 1.5% V/V, there was no visible change in the plasma when compared 
with a plasma without methane addition. This is contrary to nitrogen addition to the 
nebulizer gas where low levels of nitrogen cause the central channel to become wider. It 
is important to note that sample flow had to be maintained at all times when methane was 
being added to the plasma as without the water the carbon was not 'burnt' off the cones 
and they rapidly blocked. The use of oxygen to aid carbon removal was discounted as this 
would have obscured the effects of the methane. The characteristic green C2'*" emission, 
observed in organics analysis, was not noted in or around the plasma. 
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4.2.4 EfTect of operating parameters with ail argon and metliane-argon piasmas 
Figures 4.1a and 4.1b show the effect of nebulizer gas flow on Co* response, in area 
counts per second (ACPS) and In^/Co* ratio respectively, with and without methane 
addition to the nebulizer gas. Figure 4.1 shows two main features: firstly the addition of 
methane to the nebulizer gas resulted in a reduction in Co* signal at most nebulizer gas 
flows when compared with the all argon plasma and secondly the maximum response was 
at a higher nebulizer gas flow with methane addition. The maximum responses were 
similar showing that with adjustment of the nebulizer gas flow the addition of methane did 
not result in a major loss of signal. The need for a higher nebulizer gas flow may reflect 
a change in the shape and size of the plasma which would alter the sampling depth, though 
this was not visibly apparent. The other analytes (Be, Ce, In, Pb and U) all behaved 
similarly to the Co. 
Figures 4.2a and 4.2b show the effect of nebulizer gas flow on UO* response and 
UO*/U* ratio respectively. With the addition of methane to the nebulizer gas, the 
response of UO* was seen to be reduced at all but the highest nebulizer gas flow , and this 
is demonstrated clearly in Figure 4.2b. The percentage oxide formation was lower at all 
nebulizer gas flows when methane was added, with lowest levels being at 0.8 - 0.9 dm' 
min *. The CeO* response was seen to behave similarly to the UO*. It was found that 
methane addition to the nebulizer gas reduced the ArCl* response and increased the 
In^/ArCl* ratio (Figures 4.3a and 4.3b respectively) when compared with the unmodified 
plasma. These results indicated that methane addition to the nebulizer gas would be of use 
in removing the ArCr interference. 
Figure 4.4a and 4.4b show ArO* response and In^/ArO* ratio respectively and show that 
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Figure 4.1: Effect of nebulizer gas flow on A, Co* response and B, In*/Co* 
ratio with: a no methane added to the nebulizer gas flow and ^ 1.0% 
methane added to the nebulizer gas flow at a forward power of 1600 W. 
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Figure 4.2: Effect of nebulizer gas flow on A, UO* response and B, UO*AJ* ratio * 
100 (percentage oxide formation) with: Q no methane added to the nebulizer gas flow 
and A 1.0% methane added to the nebulizer gas flow at a forward power of 1600 W. 
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Figure 4.3: Effect of nebulizer gas flow on A, A r C r response and B, In'^ /ArCl'*^ ratio 
with: 117 no methane added to the nebulizer gas flow and A 1.0% methane added to 
the nebulizer gas flow at a forward power of 1600 W. 
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Figure 4.4: Effect of nebulizer gas flow on A, ArO* response and B, In*/ArO* ratio 
with: • no methane added to the nebulizer gas flow and A 1.0% methane added to 
the nebulizer gas flow at a forward power of 1600 W. 
20000c -
18000(-
16000G-
g2 14000G 
< 12000GI-
100000-
60000 
20000 
.7 .8 .9 1.0 1.1 
Nebulizer gas flowdm^mln''' 
1.2 
B 
Nebulizer gas flow dm^mln'"' 
117 
tiie introduction of methane gave a small reduction in the ArO* response at all but the 
lowest nebulizer gas flow and modest improvements in the In*/ArO* ratio at most 
nebulizer gas flows. The effect of nebulizer gas flow on CIO"*" response and ln*fC\0* 
ratio was similar. The less dramatic effect of methane addition on ArO"*^  and ClO^ than 
on ArCI* probably reflects the influence of spray chamber cooling on the oxygen based 
interferences, as during these experiments the spray chamber was at ambient temperatures. 
Levels of ArC"*" were, not surprisingly, much higher with the addition of methane. 
When the forward power was adjusted, it was found that the addition of methane reduced 
the Co* response and increased the In^/Co* ratio at lower powers and the reverse of tiiis 
at higher powers. This was reflected by the other analytes. The changes in UO"*" response 
and UO^/U* ratio are shown in Figures 4.5a and 4.5b and demonstrate that the addition 
of methane reduced the level of oxide formation at all powers to the best value of 1.5% 
UO* at 1700 - 1800 W with methane addition to tiie nebulizer gas flow. The CeO"*". 
response was similar to UO* 
The effect of power on ArCr response and In"*"/ArCl"*" ratio is demonstrated in Figures 
4.6a and 4.6b, respectively, and again shows the dramatic influence on ArCr formation. 
The addition of methane reduces the ArCl"*" response by 10-100 times and improves the 
In^/ArCl"*" ratio by a similar level when compared with the all argon conditions. The 
ClO"*^  behaved similarly to ArCr although the level of interference removal was much 
lower. Figures 4.7a and 4.7b show the effect of power on ArO* response and In*/ArO* 
ratio respectively. These data show a clear improvement in the removal of ArO"*" when 
methane was added to the plasma that was not apparent in the nebulizer gas experiments. 
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Figure 4.5: Effect of forward power on A, UO* response and B, UO*/U* ratio * 100 
(percentage oxide formation) with: Q no methane added to the nebulizer gas flow and 
A 1.0% methane added to the nebulizer gas flow at a nebulizer gas flow of 0.9 dm^ 
min ' . 
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Figure 4.6: Effect of forward power on A, A r C r response and B, In^/ArCr ratio 
with: n no methane added to the nebulizer gas flow and A 1.0% methane added to 
the nebulizer gas flow at a nebulizer gas flow of 0.9 dm' min''. 
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Figure 4.7: Effect of forward power on A, ArO* response and B, In*/ArO* ratio 
with: n no methane added to the nebulizer gas flow and A 1.0% methane added to 
the nebulizer gas flow at a nebulizer gas flow of 0.9 dm^ min ' . 
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Figures 4.8a, b and c show tlie responses and ratios (InVCo^, In'*"/ArCi'^ and UO'*'/U"^ * 
100) of Co"*^ , ArCI"*" and UO"^ respectively. The Co^ response initially fell with the addition 
of methane, then rose with the addition of 0.1 - 0.2% methane, before falling gradually up 
to the maximum methane addition of 1.5% v/v. The In'^ /Co'*" ratio increased initially before 
levelling off. UO"*" response and UO'^/U"^ ratio both fell with increasing levels of methane. 
This was also the case with ArCI"*" and other interferences, with the obvious exception of 
A r C " in which the opposite was found to be the case. • 
The univariate searches performed above served to identify the key parameters for the 
reduction of interferences i.e. nebulizer gas, forward power and percentage methane. In 
addition these searches showed that methane addition would be of use in removing 
interferences and hence worthy of optimization. 
4,2.5 Simplex optimization of the operating parameters for the removal of several 
polyatomic ion interferences with the addition of methane to the nebulizer gas flow. 
The univariate searches described above indicated that the addition of methane would be 
of value in removing a range of interferences. They also indicated the approximate 
operating conditions that would be required to achieve this removal. A rigorous 
optimization procedure was therefore applied to define the optimal conditions for PII 
removal. 
4.2.5.1 Simplex Optimization of the Plasma with Methane Added to the Nebulizer 
Gas for the Removal of A r C r 
The simplex procedures used are as discussed in Section 2.4.3. The optimal conditions 
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Figure 4.8: Effect of percentage methane in the nebulizer gas on A, Co^, B, UO^ 
and C, A r C r : • Response and A In*/Co*, UO*/U* * 100 (percentage oxide 
formation) and In'^/ArCI^ respectively at a nebulizer gas flow of 0.9 dm^ min ' and 
a forward power of 1600 W. 
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for the removal of ArCr with the addition of methane to the nebulizer gas are given in 
Table 4.1. It was noted that these conditions are similar to those obtained with the 
addition of nitrogen to the nebulizer gas using similarly high nebulizer flow and low 
power. The plasma at these conditions was seen to be dim and have a diffuse central 
channel, though not as diffuse as with the addition of nitrogen to the nebulizer gas. 
Univariate searches confirmed the optimal conditions to be as defined. At these 
conditions the ArCr response was seen to fall from a typical level of 50000 ACPS to 
about 10-20 ACPS. with the aspiration of a 10 mg cm*' chloride solution. These levels 
effectively represented the random background signal. 
The detection limits obtained are given in Table 4.2 and show that the arsenic detection 
limit was effectively the same at 0 and 33 mg cm"' chloride. The background equivalents 
at these two chloride levels was 0.8 ng cm'' further emphasizing that complete removal 
of ArCl"*^  had been achieved using these conditions. The data for selenium showed an 
improvement over data obtained for nitrogen addition to the nebulizer gas particularly for 
the *^Se isotope with background equivalent concentrations in the order of 2-4 ng cm '. 
Recoveries were tested by the analysis of standard solutions (10 ng cm ' for As and V and 
100 ng cm"' for Se) spiked with chloride. Figures 4.9a and b show the apparent 
concentration of arsenic and selenium ("Se) plotted against the chloride concentration for 
three sets of operating conditions. These are: methane addition to the nebulizer gas at 
optimum conditions; all argon optimum conditions (Table 3.8, Chapter 3); and typical 
operating conditions (Table 4.3) a, b and c respectively. These plots, particularly those 
for selenium show the value of methane addition for the removal of the ArCl"*" 
interference, the other conditions resulting in a large positive error and imprecise data. 
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Table 4.1: Simplex optimal conditions for the removal of A r C r with methane 
addition to the nebulizer gas. 
Parameter Value 
Gas flows/dm' min ': Outer 15.0 
Intermediate 1.4 
Nebulizer 1.0 
Methane/% 1.0 
Forward power/W 1250 
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TABLE 4.2: Detection limits determined for arsenic, and selenium at 
increasing chloride concentrations using simplex optimal conditions for 
methane addition to the nebulizer gas 
Chloride 
Level 
Mg cm ' 
Dectection limit ng cm'' 
"As "Se ™Se «^ Se 
0 0.60 6.8 4.2 19 
100 0.63 7.2 6.0 24 
1000 0.72 6.2 4.2 24 
10000 1.29 8.5 4.7 19 
33000 0.75 14 6.9 15 
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Figure 4.9a: Apparent arsenic concentration, for a 10 ng cm'^  As solution, with increasing chloride levels at three sets of 
instrumental conditions: A, simplex optimized conditions for the removal of ArCI^ with the addition of methane to the nebulizer 
gas, B, simplex optimized conditions for the removal of ArCr with an all argon plasma and C, typical operating conditions 
90 - I 3O00 
1 2700 
2400 
2100 
100 1000 
Chloride cone, ng cm 
10000 
o 
& 
<? E o 
GO 
C o c o o 
*^ 
OS a < 
100000 
Figure 4.9b: Apparent selenium concentration, for a 100 ng cm"' Se solution, with increasing chloride levels at three sets of 
instrumental conditions: A, simplex optimized conditions for the removal of ArCr with the addition of methane to the nebulizer 
gas, B, simplex optimized conditions for the removal of ArCI^ with an all argon plasma and C, typical operating conditions 
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Table 4.3: Typical operating parameters for the ICP-MS instrument 
Parameter Value 
Gas flows/drrf min *: Outer 15.0 
Intermediate 1.0 
Nebulizer 0.9 
Forward power/W 1400 
Chiller temperature/**C = 18-20 
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Results for the analysis of the CRMs are given in Table 4.4 and further show the value 
of these conditions for the determination of arsenic and selenium. Once again they 
represent a particularly good improvement for the selenium determinations giving data 
which is close to the certified values with better precision. The results obtained using the 
typical conditions were poorer than when using the methane addition, with large positive 
errors, indicating that the certificate values were not achieved and precision was poor. 
The results for the seawater using methane addition, whilst not matching the certificate 
value, are a considerable improvement over the results obtained using typical conditions. 
This demonstrates that complete removal of ArCr was achieved and validated the method. 
4.2.5.2 Simplex optunization of the plasma with methane added to the nebulizer gas 
for the removal of ArO"*" 
The optimum conditions found by the simplex optimization are given in Table 4.5 and 
once again display characteristically low power and high nebulizer gas flow. The 
univariate searches once again confirmed the optimal conditions to be as defined. The 
response for ArO"*" fell from approximately 10000 ACPS to approximately 1000 ACPS 
whilst the Co* response fell from approximately 60000 ACPS to approximately 20000 
ACPS and hence the ratio was improved. 
The optimal conditions were tested by determining the detection limits for iron, and these 
are given in Table 4.6. Also shown in Table 4.6 are detection limits for iron for these 
optimal conditions but with no added methane and for typical conditions (Table 4.3). The 
detection limit for '^^ Fe was less than 0.5 ng cm"^  and the background equivalent 
concentration 3.5 ng cm \ The removal of the methane from the otherwise optimum 
conditions led to a tenfold reduction in the detection limit and a sevenfold increase in the 
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TABLE 4.4: Arsenic and selenimn concentration in a range of CRMs at (a)^  
the simplex optimal conditions for methane addition to the nebulizer gas 
for the removal of A r C r and (b) for typical operating parameters 
Levels found/^g g * 
Arsenic 
(a) (b)^ Certified 
value 
Lobster pancreas 
(TORT-1) 
20.1 ± 0.5 40.2 ± 16.5 24.6 ± 2.2 
Oyster tissue 
(NIST 1566) 
12.4 ± 0.5 3 13.4 ± 1.9 
Sargasso (NIES 9) 110 ± 6 596 ± 48 115 ± 9 
Urine (Seronorm) 0.26 ± 0.01 7.6 ± 1.3 0.2' 
Seawater (NASS-2) 0.05 ± 0.01 2.74 ± 0 . 1 1 0.00165 
Selenium 
Oyster tissue 2.43 ± 0.18 34.3 ± 3.5 2.1 ± 0.5 
Lobster pancreas 6.55 ± 0.32 50 ± 18 6.88 ± 0.47 
1 Except values for seawater and urine which are ng cm"^  
2 See table 4.3 
3 Value less than the blank 
4 Range is 0.176 - 0.208 
Note: n=5, all values ± 1 S.D. 
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Table 4.5: Simplex optimal conditions for the removal of ArO* with methane 
addition to the nebulizer gas. 
Parameter Value 
Gas flows/dm^ min *: Outer 14.0 
Intermediate 1.0 
Nebulizer 1.05 
Methane/% 1.0 
Forward power/W 1200 
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TABLE 4.6: Detection limits determined for iron using a) simplex optimal 
conditions for methane addition to the nebulizer gas, b) as (a) except with 
no methane added, and c) typical conditions (Table 4.3) 
Operating 
conditions 
Detection limit ng cm"' 
«Fe »Fe "Fe 
(a) 5.0 0.48 6.0 
(b) 63 4.44 12.6 
(c) 380 7.3 48 
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background equivalent concentration to 24 ng cm*'. The detection limit for the typical 
conditions, where the water bath was at 18**C, was surprisingly good at 7.3 ng cm"' but 
the ArO* background equivalent concentration was high at 63 ng cm*' and this seriously 
affected the analytical capabilities of these conditions i.e. recoveries would be poor. 
Attempts to determine iron in CRMs were less successful than for As and Se. Results for 
the Lobster and Sargasso are given in Table 4.7 and show that, while the data were better 
using the optimized conditions than when using typical operating conditions, they still 
failed to match the certificate values. 
4.2.5.3 Simplex optimization of the plasma with methane added to the nebulizer gas 
for the removal of CIO^ 
The optimum conditions found by the simplex optimization are given in Table 4.8. The 
lower optimal methane percentage than previously found was attributed to the fact that the 
"ArC"*" peak interfered with the peak at mass 51 at higher methane levels. Univariate 
searches confirmed the optimal conditions to be as defmed. 
The analytical capabilities of these conditions were tested as with the ArCr conditions but 
using just two of the CRMs (Lobster Hepatopancreas and Sargasso) at both the optimal and 
typical all argon conditions. 
The detection limits obtained are given in Table 4.9. These were found to be generally 
better than those determined using the optimal conditions for nitrogen addition to the 
nebulizer gas. Similarly the optimal conditions were found to greatly improve the 
vanadium recoveries over all argon optimized and typical conditions, as shown in Figure 
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TABLE 4.7: Iron concentration in a range of CRMs at (a) 
_^.the simplex optimal conditions for methane addition to the nebulizer gas 
for the removal of ArO* and (b) for typical operating parameters 
Levels found//xg g"' 
Reference material 
(a) (by Certified 
value 
Lobster pancreas 
(TORT-1) 
117 ± 8.5 89 ± 15 186 ± 11 
Sargasso (NIES 9) 140 ± 2.3 2 187 ± 6 
1 See table 4.3 
2 Value less than the blank 
Note: n=5. all values ± I S.D. 
Suppressed values of iron are due to problems associated with the large dilution steps needed 
to bring these reference materials within the working range of the instrument. 
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Table 4.8 Simplex optimal conditions for the removal of CIO^ with methane 
addition to the nebulizer gas. 
Parameter Value 
Gas flows/dm' min'^: Outer 13.75 
Intermediate 1.15 
Nebulizer 1.0 
Methane/% 0.45 
Forward power/W 1300 
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TABLE 4.9: Detection limits determined for vanadium at increasing 
chloride concentrations using simplex optimal conditions for 
methane addition to the nebulizer gas 
Chloride Dectecdon limit ng cm'^  
Level 
Hg cm"^  
0 0.51 
100 1.68 
1000 0.96 
10000 1.86 
33000 2.52 
137 
4.10. Table 4.10 also shows the results for the analysis of the lobster and sargasso for V. 
Good agreement with the certificate values was obtained only when optimal methane 
addition conditions were used. 
4.2.5.4 Simplex optimization of the plasma with methane added to the nebulizer gas 
for the removal of CeO" .^ 
The optimum conditions found by the Simplex optimization are given in Table 4.11. The 
ratio of cerium to its oxide was improved from typically 20 under typical all argon 
conditions to 180 at the optimum conditions, equivalent to about 0.6% oxide formation. 
Univariate searches were found to confirm the optimal conditions to be as defined. 
The analytical utility of these conditions was tested by determining the detection limits for 
europium, samarium and gadolinium in the presence of increasing concentrations of 
barium, cerium and lanthanum (0, 1, 10 and 100 fig cm"') which form strong oxides. 
Detection limits are given in Table 4.12 and still clearly show the oxide interferences 
which become more severe at higher levels of Ba, Ce and La. 
4.2.6 Investigations into the formation of MC* and MH* with the addition of methane 
to the plasma. 
It was considered worthwhile to test the simplex optimal conditions for methane addition 
to the nebulizer gas to see whether the multi-element facility of the ICP-MS was being 
degraded by the formation of MC"*^  and MH*. The analytes chosen and their possible 
interferences are given in Table 4.13. When these solutions were analyzed at various 
simplex conditions and also under typical operating conditions, it was found that there was 
no evidence of any MC"*^  interference even with the 100 /ig cm'' spike, however, all of the 
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Figure 4.10: Apparent vanadium concentration, Tor a 10 ng cm'' V solution, with increasing chloride levels at three sets of 
instrumental conditions: A, simplex optimized conditions Tor the removal of CIO^ with the addition of methane to the nebulizer 
gas, B, simplex optimized conditions for the removal of CIO'' with an all argon plasma and C, typical operating conditions 
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TABLE 4.10: Vanadium concentration in a range of CRMs at (a) 
the simplex optimal conditions for methane addition to the nebulizer gas 
for the removal of ArO*^  and (b) for typical operating parameters 
Levels found//ig g ' 
Arsenic 
(a) (b)» Certified 
value 
Lobster pancreas 
(TORT-1) 
1.26 ± 0.04 2.54 ± 0.22 1.4 ± 0.3 
Sargasso (NIES 9) 1.37 ± 0.04 9.91 ± 1.1 1.0 ± 0.1 
1 See table 4.3 
Note: n=5, all values ± 1 S.D. 
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Table 4.11 Simplex optimal conditions for the removal of CeO'*^  with methane 
addition to the nebulizer gas. 
Parameter Value 
Gas flows/dm' min *: Outer 17.5 
Intermediate 1.0 
Nebulizer 0.81 
Methane/% 1.0 
Forward power/W 1320 
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TABLE 4.12: Detection limits determined for various rare earth elements at 
increasing Ba, Ce and La concentrations using simplex optimal conditions for 
methane addition to the nebulizer gas 
4^ 
to 
Ba, Ce and 
La Level 
Hg cm ' 
Dectection limit ng cm ' 
'^'Eu '"Eu '«Sm '«Sm '»Gd '«Gd '^'Gd 
0 0.21 0.18 0.45 0.45 0.66 0.54 1.3 
1 0.24 0.15 0.15 0.30 2.1 1.1 1.1 
10 0.30 0.78 0.57 4.2 18 14 2.4 
100 3.3 6.2 6.8 51 170 150 13 
Table: 4.13 Analytes and interferent precursors used in the 
MC* and M H * study. 
Analyte Potential interference 
MC+ MH+ 
" Z r " C "»Ru'H 
'^'Gd'H 
'"Ho '»Eu"C i«Dy'H 
' " A u NS "*Pt'H 
NS Not studied 
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analytes suffered a 50 - 100% M H * interference at this level, and for the rhodium there 
was a 20% interference even when using the 10 ng cm"^  spike. This does present a 
limitation to the conditions, but only i f mono-isotopic analytes are being investigated, and 
i f their interference precursors are present in the order of 100 /ig cm"'. 
4.3 Addition of methane to the intermediate gas. 
4.3.1 Introduction. 
As has been shown in Chapter 3 the addition of gases to the intermediate gas is of little 
value in removing polyatomic interferences. This is reflected in the literature with few 
reports of addition of gases to the intermediate gas flow. Methane has been added to the 
intermediate gas by Wang et A / . ' " , (Section 4.2.1), but as was discussed above they found 
the addition of methane as a whole to be offer little improvement over the addition of 
nitrogen. This manner of adding methane also has other problems associated with plasma 
instability and poor RF matching. This leads to high reflected power which also make 
its use less desirable. 
4.3.2 Experimental 
Most of this was unchanged from the details given in Section 4.2.2. Univariate searches 
were performed to assess the influence of the nebulizer gas (0.6 - 1.2 dm^ min *), 
intermediate gas (0.5 - 2.0 dm^ min *), percentage methane (0.0 - 1.5) and forward power 
(1200 - 1800 W), on Be, Ce, Co, In, Pb and U , PIIs and MO*. These experiments were 
undertaken with and without methane addition to the intermediate gas at 0.75%. 
Three variable step size simplex optimizations were performed to find the optimal 
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conditions to reduce or remove ArCr, ArO*, CIO* as discussed in Section 4.2.2. The 
optimal conditions defined by these simplex optimizations were tested as above with the 
exception that analysis of CRMs was not performed. 
4.3.3 Initial experiments 
It was found that the plasma could tolerate a maximum of one percent methane (V/V) 
added to the intermediate gas flow, provided this gas flow was held at a constant 1.0 dm^ 
min' \ As the level of methane was increased the reflected power increased up to about 
55 W at one percent methane. Emission from the Cj* ion was observed around the base 
of the plasma and this extended externally along the length of the plasma and became more 
intense as the level of methane was increased. These observations suggested that: eiUier 
the methane was not penetrating the main body of the plasma as had been suspected from 
the results of the nitrogen addition (poor data found from intermediate gas addition), or 
that the green emission was only observed in the cooler parts of the plasma. 
4.3.4 Effect of operating parameters with all argon and methane-argon plasmas 
When comparing the effect of the nebulizer gas, the addition of methane was found to 
enhance the analyte (Be, In and U) responses by a factor of 2-3 times and also shifted the 
optimum nebulizer flow from 1.0 dm^ min * without methane, to 1.2 dm^ min ' with 
methane. A small reduction in the level of UO"*" formation was observed with the addition 
of methane. The effect of the nebulizer gas on interferences (ArCr, CIO* and ArO*) was 
very similar both with and without methane. This is in contrast to the addition of methane 
to the nebulizer gas flow and indicated at an early stage that the addition of methane to the 
intermediate gas was going to be of little analytical value. 
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The effect on the analytes of adding methane when the intermediate gas was adjusted was 
seen to be the opposite of that reported above for the nebulizer gas. The addition of 
methane resulted in a fivefold reduction in signal and a fivefold increase in the ArO* 
response whilst the other interferences remained the same. The effect of the addition of 
methane on the responses when adjusting the power was similar to the intermediate gas 
adjustments in that the analyte responses fell and the interferences were enhanced. 
Increasing the percentage methane in the intermediate gas produced essentially flat plots 
for both the analytes and the interferences. This further reinforced the view that the 
addition of methane to the intermediate gas would be of little value. 
4.3.5 Simplex optimization of the operating parameters for the removal of several 
polyatomic ion interferences with the addition of methane to the intermediate gas 
flow. 
Simplex optimizations were undertaken for ArCr , ClO"^ and ArO"^ despite the indications 
that the addition of methane was not going to be successful. These experiments were 
performed in the same way as reported above (Section 4.2). The optimal conditions for 
these optimizations are given in Table 4.14. At the defined optimal conditions the ArCr 
was reduced to approximately 100 area counts per second (ACPS), but the improvements 
for ArO* and CIO* were small, in the order of a factor of two. Univariate searches 
generally confirmed the optimum parameters to be as defined and showed that the 
nebulizer gas flow and the power were the most important parameters with the methane 
having little or no effect. 
The detection limits for arsenic, selenium and vanadium are given in Table 4.15. It was 
found that they were considerably poorer than corresponding data collected for optimal 
Table 4.14: Simplex optimal conditions for the removal of A r C r , ArO* and 
CIO*^ with methane addition to the intermediate gas. 
Optimization 
Parameter 
ArCr ArO* CIO* 
Gas flows/dm' min ': Outer 13.5 17.0 14.5 
Intermediate 0.6 0.5 0.55 
Nebulizer 1.3 1.06 0.97 
Methane/% 0.25 0.15 0.31 
Forward power/W 1250 1350 1350 
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T A B L E 4.15: Detection limits determined for arsenic, selenium and vanadium 
at increasing chloride concentrations using simplex optimal conditions for 
methane addition to the intermediate gas for the removal of ArC\* and CIO* 
respectively 
Chloride 
Level 
Hg cm ' 
Detection limit ng cm ' 
Sly "As "Se '«Se «Se 
0 0.48 1.0 6 2.8 11 
100 0.93 1.4 11 3.2 8 
1000 0.84 1.9 9 4.8 6 
10000 4.3 2.6 22 2.3 10 
33000 15 8.6 42 6.4 44 
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conditions for the addition of methane to the nebulizer gas (see Section 4.2). The chloride 
interference rapidly degrades the detection limit for all of the analytes above 100 cm"^  
chloride. Similarly the recovery experiments showed that above 100 /xg cm"' CI the 
apparent concentration was far in excess of the expected value of 100 ng cm ' . 
Table 4.16 gives the detection limits for three of the iron isotopes at the optimal conditions 
for ATO* and these were found to be similar to the detection limits determined under 
typical all argon conditions at the same time, and hence the optimal conditions were 
offering no improvement. 
The univariate searches and the Simplex optimizations show thai the addition of methane 
to the intermediate gas flow is of little use in reducing polyatomic interferences. 
4.4 Addition of methane to the outer gas 
4.4.1 Introduction 
In keeping with the other work reported on the addition of methane only Wang et a/.*" 
have added methane to the outer gas. It was anticipated that the addition of methane to 
the outer gas flow may have some benefits in view of the numerous reports of nitrogen 
addition to the outer gas. It was, however, restricted by similar problems to those 
associated with methane addition to the intermediate gas, with plasma instability a 
particular problem. 
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TABLE 4.16: Detection limits determined for iron using a) simplex optimal 
conditions for methane addition to the intermediate gas, and b) typical 
conditions (as shown in Table 4.3) 
Operating 
conditions 
Dectection limit ng cm'^ 
«Fe «Fe "Fe 
(a) 14 2.4 2.9 
(b) 14 1.7 8.5 
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4.4.2 Experimental 
The ICP-MS was set up for the addition of methane to the outer gas as shown in Figure 
2.3 (Chapter 2). It was necessary to use the gas blender in line with the T ' piece in order 
to obtain a methane level tolerated by the instrument. In practice the gas blender's MFC 
was maintained at 0.5 dm' min ' , the outer gas flow at 14.5 dm' min * and the percentage 
methane in the MFC portion of the flow was adjusted as required. 
Most of the experimental data was unchanged from the details given in Section 4.2.2. 
Univariate searches were performed to assess the influence of the nebulizer gas (0.6 - 1.2 
dm' min ' ) , outer gas (13 - 18 dm' min *), percentage metiiane (0 - 0.2%) and forward 
power (1200 - 1800 W) on Be, Ce, Co, In, Pb and U , PHs and MO*. These experiments 
were undertaken with and without methane addition to the outer gas at 0.1 %. 
Four variable step size simplex optimizations were performed to find the optimal 
conditions to reduce or remove ArCr, ArO"". CIO* and CeO* as discussed in Section 
4.2.2. The optimal conditions defined by tiiese simplex optimizations were tested as above 
with the exception that recovery tests and analysis of CRMs were not performed. 
4.4.3 Initial experiments 
Introduction of methane into the outer gas flow was possible up to a level of 0.2% (V/V) 
where an intense green emission from Cj* was noted along both the top and bottom of the 
plasma. The addition of methane to the outer gas resulted in an increase in the random 
background, i.e. it approximately doubled with 0.06% methane in the outer flow. 
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4.4.4 Univariate searches of the operating parameters with the addition of methane 
to the outer gas 
As with the other univariate searches reported above, these experiments looked at the 
effect of nebulizer and outer gas flow, power and percentage methane in the outer gas flow 
on a range of responses. When comparing the effect of nebulizer gas flow, the addition 
of methane to the outer gas flow resulted in a general decrease in sensitivity. The methane 
addition once again made little difference to the interference response with the exception 
of ArO"^ which was enhanced by the methane. The power univariate searches once again 
showed an enhancement in the interferences, and a suppression of the analyte responses 
with the addition of methane compared with the all argon system. The outer gas and 
methane searches followed the pattern of the power searches. 
4.4.5 Simplex optimization of the operating parameters for the removal of several 
polyatomic ion interferences with the addition of methane to the outer gas f low. 
Simplex optimization experiments were performed for the removal of A r C r , ArO*, CIO* 
and CeO* and the optimal conditions defined are given in Table 4.17 and were found to 
be unusual only in that the forward power was higher than normally defined for the 
removal of these interferences. Nebulizer gas, power and to a lesser extent percentage 
methane were found to be the most influential operating parameters in the interference 
removal. 
Detection limits for arsenic, selenium and vanadium in the presence of chlorine, for iron, 
and for gadolinium in the presence of lanthanum and cerium were determined in the 
normal way. The results are given in Tables 4.18, 4.19 and 4.20 respectively. Detection 
limits were better than those with methane addition to the intermediate gas, but poorer than 
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Table 4.17: Simplex optimal conditions for the removal of A r C r , ArO"^, CIO"^ 
and CeO"^  with methane addition to the intermediate gas. 
to 
Optimization 
Parameter 
A r C r ArO* CIO* CeO* 
Gas flows/dm' min ': Outer 13.0 14.75 14.75 15.0 
Intermediate 1.0 1.25 0.8 1.15 
MFC' 0.49 0.28 0.5 0.23 
Nebulizer 1.3 1.28 1.25 1.16 
Methane/ 5.5 4.0 5.0 3.2 
Forward power/W 1750 1550 1550 1400 
1 The MFC gas flow is the argon gas flow which carried the methane and mixed with outer gas flow prior to entering the torch 
2 Percentage methane represents the percentage methane in the MFC flow, not total percentage. 
TABLE 4.18: Detection limits determined for arsenic, selenium and vanadium 
at increasing chloride concentrations using simplex optimal conditions for 
methane addition to the outer gas for the removal of A r C r and CIO**^  
respectively 
Chloride 
Level 
Hg cm ' 
Detection limit ng cm ' 
"As "Se "Se «Se 
0 0.09 0.24 2.4 2.2 2.7 
100 0.21 1.1 4.0 4.0 2.9 
1000 0.93 1.2 3.0 2.2 1.9 
10000 1.6 1.9 6.6 3.2 2.8 
33000 3.9 1.9 18 4.5 2.3 
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T A B L E 4.19: Detection limits determined for iron using simplex optimized 
conditions for methane addition to the outer gas 
Detection limit ng cm ' 
«Fe "Fe "Fe 
9.6 0.66 2.6 
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T A B L E 4.20: Detection limits determined for gadolinium at increasing La and 
Ce concentrations using simplex optimized conditions for 
methane addition to the outer gas 
Ce and La Level 
Hg cm ' 
Detection limit ng cm ' 
'«Gd '«Gd '»Gd 
0 0.09 0.09 0.15 
1 37 10 1.4 
10 220 110 18 
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those with methane addition to the nebulizer gas. The background equivalent 
concentrations corresponded to these observations in that the interferent peaks were much 
more severe with methane added to the outer gas than when added to the nebulizer gas . 
The use of methane addition to the outer was found to be worthless, in light of results of 
methane addition to the nebulizer. 
4.5 Discussion 
4.5.1 Applications and comparison with nitrogen addition 
This work has shown that interferences such as ArCl*, ArO"*", CIO* and CeO* may be 
greatly reduced, and in the case of ArCr effectively removed by the addition of methane 
to the nebulizer gas. It was suspected that interferences other than ArCl"*", extensively 
studied with the addition of nitrogen, could be removed successfully with an added gas and 
a rigorous optimization of the operating parameters. This has been shown to be the case. 
The fact that both the plasma derived CeO"" and the interface derived ArCr, ArO* and 
CIO* species are attenuated successfully by the addition of methane is interesting and is 
considered in the section below. By widening the scope of the interferences studied the 
applications of methane addition are more comprehensive than those using nitrogen 
addition. Rare earth oxides can be reduced by the use of methane addition and this may 
benefit analysis of geological samples. More importanUy the improvement in the 
determination of iron by ICP-MS is important, particularly in water analysis, and indeed 
this method has been successfully applied to water sample analysis in this laboratory. 
Work with the addition of methane to the nebulizer gas has been fully validated by the 
analysis of certified reference materials, and this is supported by the improved detection 
limits and enhanced recoveries obtained. 
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In contrast to the success of the addition of methane to the nebulizer gas, its addition to 
the intermediate and outer gases were of little value. Detection limits were inferior and 
recoveries were substantially poorer (under optimized conditions) utilizing these points of 
gas addition. This is similar to the experiences with nitrogen addition where the addition 
of the added gas to the nebulizer gas was by far the most successful method for the 
removal of interferences 
Comparison with work performed with the addition of nitrogen to all three flows of the 
ICP (Chapter 3) is only possible for the chloride interferences. Detection limits for 
arsenic, selenium and vanadium are generally better with the addition of methane to the 
nebulizer than with the addition of nitrogen to any of the gas flows. This is particularly 
apparent for the problematic element selenium. 
The choice of whether to use methane or nitrogen addition would be determined by a 
number of factors. Nitrogen wil l be generally preferable as it is an inert gas. using 
methane requires the adoption of safety requirements for a flammable gas eg flashback 
arrestor and safe venting of unbumt methane. Methane appears to show particular 
advantage for some elements, eg selenium, in real samples. Methane is also useful for the 
analysis of vanadium as unlike nitrogen, which forms NCI*, the methane does not form 
another interference on vanadium. 
4.5.2 Implications of methane addition data on elucidating the mechanisms for 
interference removal. 
Wang €( o/.'", the only authors to use methane to remove PIIs, offered no explanation for 
its effect. Methane is perhaps more complicated than nitrogen in that it is made up of two 
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different elements; carbon and hydrogen. This immediately raises the question, 'Is it the 
carbon, the hydrogen or both elements which lead to the reduction of the interference 
species?'. The explanations that have been put forward for the effect of nitrogen can be 
applied usefully to the effect of methane and an attempt can be made to see i f any of these 
explanations f i t with the effects of methane addition. 
The effect of methane on plasma temperature is not clear since the two elements within 
the methane molecule, the various decomposition products of the molecule and the CH4 
molecule all have different effects. It has been shown that hydrogen increases ionization 
temperature^^ *^ ' and this may well promote the formation, or at least the ionization of the 
polyatomic species. I f this is happening with the hydrogen component of the methane then 
there must be some other processes occurring that more than counteract this effect. The 
carbon, and other molecular fragments i.e. C j* , CH* etc, may be acting to reduce the 
ionization temperature and hence reduce the level of the polyatomic species. This latter 
assertion would fit with the explanations offered by Smith et a/.*^ ,^ and Jen-Jiang and 
Houk**, who point to the effect of XeVXe* and NO* species respectively in reducing 
ionization temperature. The addition of methane would lead to an increased population 
of species with ionization energies similar to those of the above species which could then 
act in the same manner, for example; 11.26 eV; C j * . 12.0 eV; CH*. 11.13 eV; 
CH2*. 10.4 eV; CH3* 9.83 eV and CH4* 12.6 eV. Some of these species have been 
observed with the addition of methane. 
Physical changes to the plasma are not as apparent with the addition of methane, although 
the optimal nebulizer gas flow for maximum analyte signal does alter with its addition so 
there may be some separation of the IRZ and the NAZ, but this is less than that found 
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with nitrogen addition. This too may influence the recorded interference levels. Finally 
competitive formation would indeed be supported by the observation of carbon based 
species. 
4.6 Conclusions 
The addition of methane to the nebulizer gas can be used to remove a range of 
interferences successfully. In addition, various analytical figures of merit are found to be 
improved by the use of methane rather than nitrogen. The addition of methane to the 
other two gas flows have not proved to offer any significant advantage. 
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CHAPTER FIVE 
THE ADDITION OF HYDROGEN TO 
THE NEBULIZER GAS OF AN INDUCTIVELY 
COUPLED PLASMA FOR THE REMOVAL 
OF POLYATOMIC ION INTERFERENCES 
160 
C H A P T H l FIVE: THE ADDITION OF HYDROGEN TO THE NEBULIZER 
GAS OF AN INDUCTIVELY COUPLED PLASMA FOR THE R E M O V A L OF 
POLYATOMIC ION INTERFERENCES 
5.1 Introduction 
In the last chapter it was shown that the addition of methane was very successful in 
removing polyatomic interferences. Following this success it was considered pertinent 
to investigate the addition of hydrogen, since methane is four parts hydrogen to each 
part carbon. The addition of hydrogen to the IGF has been discussed by a number of 
workers"'^ **'^ * *** *", however only Louie and Soo'^ * have considered its effect in 
interference removal, although, as was discussed in Chapter 1, the findings presented 
in the paper are of limited value. The other workers using hydrogen addition have 
used it for sensitivity enhancements and this is discussed further in Chapter 7. In this 
chapter, work is reported on the addition of hydrogen only to the nebulizer gas. As 
discussed in Chapter 4, the addition of a foreign gas to the intermediate gas flow had 
been shown to be of no value and addition to the outer gas considered of little value. 
For these reasons the addition of hydrogen to the outer and intermediate gas flows was 
not undertaken. 
5.2 Experimental 
The addition of hydrogen to the nebulizer gas flow was performed using the gas 
blender as described in Section 2.4.1.2. Univariate searches were performed to assess 
the effect of nebulizer gas flow (from 0.6-1.2 dm^ min"') with either 0 or 5% hydrogen 
in the nebulizer gas as appropriate and percentage hydrogen in the plasma (0 - 10%), 
both at 1500 W on: Be, In and U ; UO; CIO*, ArN"' . ArO-", ArCl* and Ar2*. 
Analogous searches without any nitrogen addition were performed for comparison. 
Simplex optimization of the operating parameters for the removal of A r C r , ArO*, 
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ClO"*^  and CeO* was undertaken and performed in the same way as described in 
previous chapters. The determination of detection limits and the univariate searches 
were also performed as previously described. Experiments investigating the formation 
of MH"*" species were undertaken in Section 4.2, Chapter 4. 
5.3 Initial Studies 
The addition of hydrogen to the nebulizer gas of the TCP caused the plasma to shrink 
overall with a slight widening of the central channel, The plasma also became redder 
in appearance. The maximum level of hydrogen that could be added was found to be 
approximately 10%. It was found that increasing the concentration of hydrogen in the 
plasma led to a suppression of the heavier mass elements, relative to the lighter mass 
elements. This may have been due to changes in the ion beam i.e. the higher 
concentration of light elements causing deflection of the heavier elements. The other 
effect of the hydrogen was to increase the background response and also increase the 
noise of the background, in effect degrading the SBR and SNR. The increased 
background may be due to increased photon emission from the hydrogen, which does 
cause the plasma to become brighter. The opposite is found with the addition of 
nitrogen to the nebulizer gas, where the plasma is seen to be dimmer and the 
background is reduced. 
5.4 Effect of operating parameters on various species with all argon and hydrogen 
-argon plasmas 
Preliminary investigations into the use of hydrogen addition to the nebulizer gas again 
took the form of simple univariate searches. The aim of these initial studies was to 
find which interferences could be reduced by the use of hydrogen and hence become 
the subject of more detailed investigation. 
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The indium response in ACPS as a function of nebulizer gas flow for both an all argon 
and a hydrogen modified plasma (5% V/V) are shown in Figure 5.1. It can be seen 
that the optimal nebulizer gas flow was virtually unchanged by the addition of hydrogen 
although a two fold reduction in signal was observed. The optimum appeared sharper 
with the all argon system. 
The responses for the interferences (ArO*, A r N * . ArCr and UO*) are shown in 
Figures 5.2a-5.5a and the interference to In ratio is shown in Figures 5.2b - 5.5b. 
Contrary to expectations the interferences, with the exception of UO*, were enhanced 
rather than reduced on the addition of hydrogen. Similarly the In* to inlerferent ratio 
was degraded in all cases with the exception of UO*. The degree to which the 
In*/interferent ratio was degraded varied from 300% in the case of ArN"*" to about 50% 
for the ArCl*. The behaviour, of UO* with hydrogen addition was as expected with 
the hydrogen reducing the oxide levels both in real terms and with respect to the parent 
ion. From these observations it was expected that only MO* species could be usefully 
dealt with by the addition of hydrogen, however, other polyatomic interferences were 
investigated. 
5.5 Simplex optimization of the plasma with hydrogen added to the nebulizer gas 
for the removal of several polyatomic ion interferences. 
5.5.1 Simplex optimization of the plasma with hydrogen added to the nebulizer gas 
for the removal of A r C r , ArO* and CIO* 
Despite initial indications that the addition of hydrogen to the ICP was only of value 
for removing the plasma derived MO* interference, optimizations were attempted for 
the other common polyatomic species that have been studied to date. The simplex 
procedures defined optimal conditions for the removal of these interferences and these 
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Figure 5.1: Effect of nebulizer gas flow rate on In"^ response, at a forward power of 1500 with: • no hydrogen added to the 
nebulizer gas and A 5.0% hydrogen (V/V) added to the nebulizer gas flow 
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Figure 5.2: Effect of nebulizer gas flow rate on A, ArO* response and B, 
In* /ArO* ratio, at a forward power of 1500 W with: • no hydrogen added to the 
nebulizer gas and A 5.0% hydrogen (V/V) added to the nebulizer gas flow 
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Figure 5.3: Effect of nebulizer gas flow rate on A, ArN"*^ response and B, 
In^/ArN*^ ratio, at a forward power of 1500W with: • no hydrogen added to the 
nebulizer gas and A 5.0% hydrogen (V/V) added to the nebulizer gas flow 
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Figure 5.4: Effect of nebulizer gas flow rate on A , A r C r response and B, 
I n * / A r C r ratio, at a forward power of 1500W with: • no hydrogen added to the 
nebulizer gas and A 5.0% hydrogen (V/V) added to the nebulizer gas flow 
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Figure 5.5: Effect of nebulizer gas flow rate on A, UO"^ response and B, \JO*/lJ* 
ratio * 100, at a forward power of 1500W with: • no hydrogen added to the 
nebulizer gas and A 5.0% hydrogen (V/V) added to the nebulizer gas flow 
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conditions are given in Table 5.1. The conditions are typical of those found with the 
addition of other gases to the ICP with the exception of the disparity in the levels of 
hydrogen required. It was found that the apparent optimal hydrogen addition was 4 
and 4.5% for ArCl* and CIO* respectively and just 0.4% for ArO*. On performing 
the univariate searches of these conditions it was found that the optimal levels of 
hydrogen addition for the removal of ArCI* and CIO* was zero, that is any addition 
of hydrogen caused a reduction ih the Co*/interference ratio. The low value of 
hydrogen recorded for the removal of ArO* was found to be correct and reflected a 
small enhancement in the Co* signal at this level of hydrogen and hence a modest 
improvement in the Co*/ArO* ratio. The detection limits for As, Fe, Se, and V at 
their respective optimal conditions, and for As, Se and V with increasing levels of 
chloride, are shown in Table 5.2. The detection limits for As and Se are poorer than 
those obtained with the addition of methane to the nebulizer gas but are still within an 
order of magnitude of that data. This reflects the importance of the nebulizer gas flow 
and forward power in reducing the interference. The iron and vanadium data is much 
poorer than any previously obtained. These experiments show that the addition of 
hydrogen was of no real value in reducing the ArCl*, ArO* and CIO* interferences. 
5.5.2 Simplex optimization of the plasma with methane added to the nebulizer gas 
for the removal of CeO* 
The initial studies had indicated that hydrogen addition would only be useful for the 
attenuation of MO* interferences. The plasma operating conditions were optimized 
using a variable step size simplex procedure. The optimization ran for 26 steps before 
the stopping criterion were achieved. The optimum conditions defined by the simplex 
procedure are given in Table 5.3. At these optimal conditions the percentage oxide 
formation was approximately 0.5 percent, some ten times better than the levels found 
under typical instrumental operating parameters, as given in Table 4.3, Chapter 4. 
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Table 5.1: Simplex optimized conditions for the removal of A r C r , ArO* and CIO* with the addition of hydrogen to the 
nebulizer gas flow 
o 
Parameter 
Optimization 
A r C r ArO* CIO* 
Gas flows/dm' min"': Outer 15.5 13.5 15.5 
Intermediate 0.55 1.1 0.7 
Nebulizer 1.35 1.04 1.09 
Percentage hydrogen (V/V) 4.00 0.4 4.5 
Forward power/W 1320 1300 1290 
Chiller temperature/°C' 18-20 1 1 
a This parameter was not included in the simplex optimization, but held fixed at this value 
TABLE 5.2: Detection limits at simplex optimized conditions for As, Se and V with increasing concentrations of chloride, 
and for Fe 
Chloride 
Level 
/ig cm ' 
Detection limit ng cm'' 
31V "As "Se ™Se «Se 
0 0.48 1.2 6.0 2.8 11 
100 0.93 1.4 n 3.2 8.3 
1000 0.84 1.9 8.9 4.8 5.6 
10000 4.3 2.6 22 2.3 9.7 
33000 15 8.6 47 6.9 45 
Isotope ^Fe «Fe "Fe 
14 2.4 2.9 
TABLE 5.3: Simplex optimized conditions for the removal of 
CeO^ with the addition of hydrogen to the nebulizer gas flow 
Parameter Value 
Gas flow/dm^ min *: Outer 15 
Intermediate 0.7 
Nebulizer 1.04 
Percentage hydrogen (V/V) 5.75 
Forward power/W 1200 
Chiller temperature/'^C ' 1.0 
a This parameter was not included in the simplex optimization, but held fixed at this 
value 
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Univariate searches were undertaken to test the validity of the optimization. The outer 
and intermediate gas flows were of little importance in determining the figure of merit 
for the simplex optimization. The most important parameters were the nebulizer gas 
flow and hydrogen content of the gas. These are shown in Figures 5.6a and 5.6b The 
forward power was of secondary importance in determining the performance of the 
system. The plateau around the optimum found on the nebulizer and hydrogen 
univariate searches, conferred a degree of stability on the conditions making them more 
robust to minor fluctuations in the instrument settings. 
The practical application of the optimized system was assessed by determining the 
detection limits (Table 5.4) and recovery (Figure 5.7) for *"Gd spiked with increasing 
concentrations of lanthanum. Detection limits and background equivalent 
concentrations under simplex optimized conditions were approximately five times better 
than those obtained under typical operating conditions. Enhanced recovery of 
gadolinium in the presence of lanthanum was observed even under simplex optimized 
conditions although the interference was considerably reduced when compared with 
standard operating conditions (Figure 5.7). 
Despite achieving these improvements in the selectivity of REE determinations, it 
would appear that hydrogen addition only offered a partial solution to the problem of 
metal oxide interferences in ICP-MS, as with the addition of methane. A complete 
solution to this problem probably requires the combination of hydrogen addition with 
other methods which also reduce oxide formation e.g. desolvation. 
5.6 Investigations into the formation of MH'^ with the addition of hydrogen to the 
plasma 
As with the addition of methane, it was thought necessary to investigate the formation 
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Figure 5,6: Univariate search of A, nebulizer gas flow rate and B, percentage 
hydrogen, for the reduction of CeO^ with hydrogen addition to the nebulizer gas. 
Al l other operating parameters are held constant at the simplex optimized 
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TABLE 5.4: Detection limits (3 a) and background equivalent concentrations 
at typical operating parameters and simplex optimized parameters 
for '^^Gd (ng cm"^ ) with increasing concentrations of lanthanum 
Operating conditions 
Typical operating simplex operating 
conditions conditions 
Lanthanum spike concentration Detection limits Background equivalent Detection limits Background equivalent 
ng cm*' concentration ng cm*' ng cm"' concentration ng cm'' 
0 0.15 0.46 0.21 0.59 
I 9.9 60 1.68 21 
10 110 2000 15.9 250 
100 340 8100 
Figure 5.7: Apparent '^^Gd concentration at simplex optimized ( • ) and typical operating conditions (A) with increasing 
concentrations of lanthanum. The actual Gd concentration was 100 ng cm* .^ 
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of hydride species, particularly M H * , and assess their influence on the analytical utility 
of the hydrogen addition conditions. The same analytes and interference precursors 
were used as in the methane addition study, and these are given in Table 4.13 (Chapter 
4). It was found that only above a precursor level of 100 ng cm' , was the M H * 
interference significant. Interestingly though, typical all argon operating conditions 
also gave a significant interference on the analytes. This is shown in Table 5.5. The 
enhancements in the data given for the typical conditions was in part due to MH'*' 
interferences but also due to a suppression in the internal standard signal due to the 
high dissolved solids content. This suppression was not observed when hydrogen was 
added and this was a further, unexpected benefit of the conditions, i,e, non-
spectroscopic interferences were attenuated. This attenuation may be due to the 
presence of a large population of H'*' in the ion beam reducing the scattering of the 
indium (internal standard) ions by the matrix elements. 
5,7 Discussion 
5.7.1 Applications 
The applications of hydrogen addition are limited to the removal of the MO* 
interference, which it does as successfully as any of the other gases previously studied. 
One advantage over methane, which achieved similar oxide levels (0.5%), is that there 
is no possibility of carbon deposition on the cones. Unlike methane however, hydrogen 
does significantly increase the random background and leads to a degradation of SBR 
and SNR. The area in which hydrogen addition will be of most value is in conjunction 
with another technique for the reduction of oxide interferences, such as desolvation. 
The use of desolvalion can reduce CeO* to approximately 0.5%, i.e. similar to levels 
achieved with hydrogen addition in a 'wet plasma*. The coupling of the two may lead 
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Table 5.5: Apparait concaitrations of Rh, Tb, Ho and Au with imreasing 
concoitrations of Ru, Sm, Dy and Pt, with the addition of hydrogen (simplexed 
conditions) for the removal of CeO"^  and with typical opmting conditions 
Operating conditions 
Analyte 
Simplex conditions Typical conditions 
hiterferent precursor concentration cm'^  
10 100 10 100 
'"Rh 60.0 ± 0.7 116 ± 4.2 82.1 ± 2.0 310 ± 10 
'«Tb 54.8 ± 0.8 73.8 ± 2.8 69.3 ± 2.1 103 ± 4.2 
'"Ho 53.2 ± 0.4 65.8 ± 1.7 60.9 ± 2.6 72.3 ± 3.2 
'"Au 52.6 ± 0.8 79.8 ± 6.6 70.2 ± 1.2 72.2 ± 2.5 
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to a reduction to levels of < 0.1% and this would be very valuable in the analysis of 
rare earth elements in geological samples. The use of methane in conjunction with 
desolvation is precluded by the deposition of carbon. 
5.7.2 Comparison with nitrogen and methane addition and implications for 
mechanisms of interference removal 
The addition of hydrogen is different to the addition of both nitrogen and methane in 
that it does not remove any interferences with the exception of the MO* species. The 
fact that only the metal oxides are reduced by the addition of hydrogen may point to 
their different region of formation, i,e. in the plasma rather than in the interface as 
with other interferences. The fact that methane contains hydrogen but does not lead 
to an enhancement in interference levels is interesting and points to the complex 
processes occurring within the plasma. It is thought that the effect of hydrogen is to 
increase the ionization temperature, as has been shown by a number of workers'*° '*\ 
is important in the increase of the interference levels since all of these interferences 
have high first ionization temperatures. The reason for the reduction in the levels of 
MO* may be linked with an increase in the kinetic temperature of the plasma 
promoting thermal decomposition of these species. With the addition of nitrogen and 
methane the reduction of the MO* species may be more closely linked to the reduction 
in ionization temperature that is associated with the addition of these gases. It is worth 
noting that the findings here with respect to interference enhancement with the addition 
of hydrogen are supported by work in Shibata e( al.^^\ 
5.8 Conclusions 
The addition of hydrogen to the nebulizer gas significantly increased the magnitude of 
the interferences from argon based polyatomic ions but reduced those from metal 
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oxides. This gave further weight to the suggestion that the interferences may arise 
from different mechanisms in the plasma. The simplex optimized system was applied 
to the determination of Gd in the presence of excess La, and the detection limits and 
background equivalent concentrations found to be improved by a factor of five 
compared with the standard operating conditions. This showed that the addition of 
hydrogen could be useful in rare earth element analysis. The removal of any other 
interferences with the addition of hydrogen proved impossible. 
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CHAPTER SIX: THE ADDITION OF ETHENE TO THE NEBULIZER GAS OF 
A N INDUCTIVELY COUPLED PLASMA FOR THE REDUCTION OF 
POLYATOMIC ION INTERFERENCES. 
6.1 Introduction 
The addition of ethene to the ICP was seen as a natural step forward from the work 
undertaken with the addition of methane and the subsequent findings with the addition 
of hydrogen. As has been reported in the preceding two chapters the addition of 
methane to the nebulizer gas was very effective, the addition of hydrogen however, 
offered little advantage. Taking the very simplistic view that the carbon content of the 
methane was probably the most critical parameter, ethene, which has a C:H ratio twice 
that of methane, was an obvious choice. The use of ethyne (acetylene, C2H2) was 
discounted for two reasons; firstly it was thought necessary to investigate gases of 
increasing C:H ratio rather than immediately using that with the highest ratio, and 
secondly the nature of ethyne Oiquid under pressure) meant that the gas blender could 
not be used and that other modifications would be needed for its introduction. Ethene 
was only added to the nebulizer gas, since, as has been discussed, it was suspected that 
addition to the intermediate and outer gases would be of little value. The addition of 
ethene was subject to the same safety and operational considerations considered for 
methane, and are discussed in Section 4.1. To date there have been no other reports 
of the addition of ethene to the ICP. 
6.2 Experimental 
Four certified reference materials with high levels of interferent precursors were 
analyzed: citrus leaves, lobster hepatopancreas, seawater and riverine water. This is 
discussed further in Section 2.2. 
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Seven separate variable step size simplex optimizations of the operating parameters, 
with the addition of ethene to the nebulizer gas, were performed to find the optimal 
conditions to reduce or remove ArO*, A r C r , CIO*, CeO*, ArNa*, SOz^/Sj* and 
POz"*". The optimal conditions defined by these simplex optimizations were tested by 
determination of the detection limits (3 a) for As, Se and V in the presence of 
increasing levels of chloride (0. 100, 1000, 10000 and 33000 /xg cm"'); Gd in the 
presence of increasing levels of Ce (0, 0.1, 4 and 10 ^g cm"'); Cu and Ni in the 
presence of increasing levels of Na (0, 1, 10, 100 and 1000 /tg cm'^); Cu and Zn in 
the presence of increasing levels of S (0, 0.01 0.1, 1% H2SO4); Cu and Zn in the 
presence of increasing levels of P (0, 0.01 0.1, 1 % H3PO4) and also for Fe. Recovery 
tests determined at both simplex and typical all argon plasma conditions on similarly 
spiked solutions of the above elements were also performed. Analysis of the CRMs 
was undertaken at the optimal conditions for As, Cu, Fe, Se and V and were 
compared with those determined at 'typical' operating parameters, (Table 4.3). 
6.3 Initial studies 
6.3.1 Influence of nebulizer gas flow 
Figure 6.1a and 6.1b show the Co* response and the In*/Co* ratio respectively with 
and without the addition of ethene. It can be seen that the addition of ethene caused 
a reduction in both the optimal nebulizer gas flow and the maximum response for the 
Co and that of the other analyte elements (In, Ce and U). The Be signal was different 
in that it was slighUy enhanced by the addition of ethene. This effect has been noted 
with nitrogen and organic solvents, but previous work has found that methane and 
hydrogen cause the opposite effect. The conflicting nature of the analyte elements 
behaviour in the plasma with and without the addition of added gases is confusing and 
points to an interaction of various processes. Such processes may be due to a change 
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Figure 6.1: EfTect of nebulizer gas flow on A, Co"^  response and B, In'*^/Co'^  ratio 
with: • no etbene added to the nebulizer gas and A 0.6% ettaene (V/V) added to 
the nebulizer gas flow at a forward power of 1500 W. 
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in the ionization properties of the plasma or be related to a change in the shape and 
structure of the plasma. Nitrogen in particular causes the central channel to become 
wider and more diffuse. A further possibility is that the gases are acting as a matrix, 
enriching the plasma in a light mass element and, as was found with the enhancement 
of Be, reducing the signal of the heavier analytes. Therefore, the variation of an 
element from the 'norm' is dependent on the effect a particular gas has on the 
ionization properties, physical structure and rr«a.+<',y effects of the plasma, as well 
as the position of the analyte in the periodic table. The enhancing effects of ethene are 
considered briefly in Section 6.6. 
The response of A r C r and the ratio of In"^/ArCr are shown in Figures 6.2a and 6.2b 
respectively. It can be seen that the addition of ethene resulted in a large drop in the 
ArCl* response and a consequent improvement in the In^/ArCl"*" ratio. This is 
consistent with data reported for methane addition (Chapter 4). The behaviour of the 
other interferences studied (CIO"*", ArO"", ArN^ and CeO"*") were all similar to that of 
A r C r . 
6.3.2 Influence of forward power 
Figures 6.3a and 6.3b show the Co* response and In /^Co"*" ratio as a function of 
forward power with and without the addition of ethene to the nebulizer gas. As has 
already been seen, the ethene reduces the overall Co* signal and as with the nebulizer 
gas, caused the optimal forward power to be shifted from 1400W to 1700W. This shift 
in the optimum probably reflects the change in shape of the plasma with the addition 
of ethene as discussed above. All of the other analytes were seen to follow this 
pattern, although Be was least affected by the addition of ethene, even showing modest 
enhancements at the highest forward powers. 
185 
Figure 6.2: Effect of nebulizer gas flow on A, A r C r response and B, In* /ArCI* 
ratio with: • no ethene added to the nebulizer gas and A 0.6% ethene (V/V) 
added to the nebulizer gas flow at a forward power of 1500 W. 
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Figure 6.3: EfTect of Forward power on A, Co^ response and B, hi*/Co* ratio 
with: • no ethene added to the nebulizer gas and A 0.6% ethene (V/V) added to 
the nebulizer gas flow at a nebulizer gas flow rate of 1.0 dm^ min ' 
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The beneficial effect of ethene is even more apparent when the ArCl* response and 
In*/ArCl* ratio were measured as a function of forward power (Figures 6.4a and 
6.4b). At all forward powers the A r C r response was at least lOOx lower and the 
In"*"/ArCl* ratio was improved by up to a factor of ten with the addition of ethene to 
the nebulizer gas. Of the other interferent ions studied CIO*, ArO* and ArN* were 
found to behave similarly. This is in contrast to their response without the addition of 
ethene where a rapid increase in signal was observed up to 1500W before falling off. 
The In*/interferent ratio was best at the highest forward powers, for the addition of 
ethene and at low powers for the standard system. In all cases the ethene offered 
some improvement in the reduction of the interferent response and In*/interferent ratio. 
Finally Figures 6.5a and 6.5b show the CeO* response and CeO"*"/Ce ratio and 
demonstrate that the addition of ethene reduced the levels of CeO"*" at all forward 
powers when compared with the all argon system. 
6.3.3 Influence of percentage ethene addition 
Figure 6.6a shows the Co* response and In*/Co* ratio with increasing ethene in the 
nebulizer gas (percentage V/V). Increasing the concentration of the ethene caused a 
rapid fall of analyte signal and this was mirrored in all of the analytes although again 
in the case of Be this fall off was again less severe. Figure 6.6b gives the ArCl* 
response and In*/ArCI* ratio which is representative of the effect of ethene on the 
various interferents studied (ArCl*, ArO*, CIO*, CeO* and ArN*). In all cases the 
ethene caused a rapid reduction in signal coupled with an improvement in the 
In*/interferent ratio. The optimum percentage ethene addition was found to be in the 
range of 0.3 - 0.5 percent V/V for all of the interferents. 
These initial studies were found to be very useful in assessing the importance of the 
instruments operating parameters in reducing interferences. It was found that in 
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Figure 6.4: Effect of Forward power on A, ArCI* response and B, I n * / A r C r ratio 
with: • no ethene added to the nebulizer gas and A 0.6% ethene (V/V) added to 
the nebulizer gas flow at a nebulizer gas flow rate of 1.0 dm^ min ' 
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Figure 6.5: Effect of Forward power on A, CeO* response and B,Ceo7Ce *" ratio 
with: • no ethene added to the nebulizer gas and A 0.6% ethene (V/V) added to 
the nebulizer gas flow at a nebulizer gas flow rate of 1.0 dm^ min * 
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Figure 6.6: A, EfTect of percentage ethene on, A Co* response ( • ) and In*/Co* 
ratio (A) and B, on A r C r response ( • ) In*/ArCi* ratio (A) at a nebulizer gas 
flow rate of 1.0 dm' min ' and a forward power of 1500 W. 
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/ 
keeping with previous work, the nebulizer gas and forward power control the size of 
analyte and interference response, and the addition of a gas to the plasma, in this case 
ethene, can cause a reduction in the severity of common polyatomic interferences. 
These initial studies demonstrated the promise of ethene as a plasma modifier, and so 
to test its capabilities for interference removal further, simplex optimization was 
employed to define the optimal conditions for their removal. 
6.4 Simplex optimization of the argon-ethene plasma for the reduction of several 
polyatomic ion interferences 
6.4.1 Simplex optimization of the argon-ethene plasma for the reduction of ArCl'*' 
The ArCl* response was generated by the aspiration of a 10000 ^g cm'^ solution of 
chloride. The optimization ran to completeness after 21 steps and the optimal 
conditions are given in Table 6.1. These conditions showed the expected higher 
nebulizer gas flow but surprisingly not the lower forward power found previously. 
This higher power was found with a number of the other optimizations. At these 
optimal conditions the levels of ArCr at both masses 75 and 77 were equivalent to the 
random background response with signals in the order of 10 ACPS. Effectively the 
addition of ethene under these conditions was leading to a complete removal of the 
ArCl* interference in the presence of a matrix of 3.3% HCl. More recent work 
looking at hydride generator waste water which, owing to the nature of the chemistry 
of hydride generation, is at approximately 18% HCl, has revealed that even at these 
elevated levels of CI' no ArCr is observed. 
Detection limits for As and Se in the presence of increasing levels of chloride are given 
in Table 6.2. Also included in Table 6.2 are detection limits for ''^ Se which does not 
suffer an ArCl* interference and hence is independent of chloride concentration, but 
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TABLE 6.1: Simplex optimized conditions for the removal of ArCr 
with the addition of ethene to the nebulizer gas of an argon ICP 
Parameter Value 
Gas flows/dm^ min * Outer gas (a) 15.0 
Intermediate gas 1.15 
Nebulizer gas 1.19 
Ethene/% 0.23 
Forward power/W 1560 
Chiller water temperature/*C (a) 18-20 
a Fixed parameters 
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T A B L E 6.2: Detection limits for arsenic and selenium at increasing chloride 
levels determined using the simplex optimized conditions for addition of 
ethene to the nebulizer gas for the removal of ArCl"*" 
Element 
Chloride level 
As "Se 
0 fig cm ' 0.21 1.4 0.9 
100 0.18 1.6 0.8 
1000 " 0.18 0.6 0.5 
10000 " 0.18 1.7 0.7 
33000 " 0.27 2.7 1.4 
Detection limits (3a) are in ng cm* 
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it does suffer from an ATJ* interference which is reduced by the addition of ethene. 
The As detection limit was effectively the same at 0 and 33 mg cm'^ chloride with only 
a modest increase in the BEC (0.4 ng cm"^  at 0 mg cm*^  CI and 0.60 ng cm'^ at 33 mg 
cm"' CI). The detection limits for As in 33 mg cm'^ chloride are compared for the 
various plasma modifiers that have been utilized in this laboratory in Table 6.3. The 
most striking feature of this data is that, even when compared with an all argon system 
optimized for minimum interferences the detection limit for As in this matrix is 
improved by 2 orders of magnitude with an ethene modified plasma. 
The detection limits for Se at both the 77 and 78 isotopes are also given in Table 6.2 
and show that sub and low ng cm'^ detection limits are possible for this problematic 
element, even in the presence of a high chloride matrix. Again a comparison of the 
detection capabilities of this and other techniques is given in Table 6.3 for these two 
isotopes and once again the improvement over the all argon system is striking. To. 
emphasize the quality of this data further, Figures 6.7a and 6.7b show calibration 
graphs for ^Se and *^Se in a 10% HCl matrix. It should be noted that the bottom 
standard for these calibrations is just 1 ng cm'^. 
Recovery tests for As and Se were undertaken with solutions at 50 ng cm'^ As and Se 
with increasing CI concentrations and were found to yield quantitative recoveries for 
all the analytes, with the interference only becoming significant at the highest CI 
concentration. These conditions still offered a huge improvement on recoveries 
attained with the all argon system. 
The analysis of reference materials, shown in Table 6.4, again showed that the 
optimized conditions gave excellent agreement between the measured and certificate 
values, but using the typical all argon plasma conditions the data was poor. The 
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T A B L E 6.3: Improvement factors in the detection limits of arsenic and selenium with simplex optimized conditions 
for the addition of ethene, methane, nitrogen and an all argon system 
Element Arsenic ^Selenium ^^Selenium 
Added gas 
Detection 
limit 
Improvement 
factor" 
Detection 
limit 
Improvement 
factor* 
Detection 
limit 
Improvement 
factor* 
None (all argon) 30.0 — 90.0 — 60.0 — 
Nitrogen 2.1 14.3 27.0 3.3 200 0.3 
Methane 0.75 40.0 14.0 6.4 6.9 8.7 
Ethene 0.27 111 2.8 32.1 1.4 43.0 
(a) Improvement factor is relative to detection limits obtained for the all argon system 
All detection limits quoted as 3a and are in ng cm~^  
Figure 6.7: Calibration for Se at the simplex optimized conditions for the removal 
of ArCr with the addition of ethene to the nebulizer gas; A, "Se and B, "Se. 
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T A B L E 6.4: Arsenic and selenium concentration in a range of CRMs at (a) 
the simplex optimized conditions for ethene addition to the nebulizer gas 
for the removal of ArCI* and (b) for typical operating parameters 
Levels foundZ/ig g ' 
Arsenic 
(a) (b) Certified 
value 
Lobster pancreas 
(TORT-1) 
25.9 ± 1.5 40.2 ± 16.5' 24.6 ± 2.2 
Citrus leaves (NIST 
1572) 
2.5 ± 0.08 b 3.1 ± 0.3 
Seawater (NASS-3) 0.0045 ± 0.00036 2.74 ± 0 . 1 1 ' 0.00165 ± 0.00019 
Selenium 
Lobster pancreas 
(TORT-1) 
6.1 ± 0.4 50 ± 18 6.88 ± 0.47 
a Data from Chapter 4 
b Value less than the blank 
Note: n=5, all values ± 1 S.D. Values for seawater are fig cm"' 
198 
successful determination of Se was particularly encouraging. 
6.4.2 Simplex optimization of the argon-ethene plasma for the reduction of ArO"^ 
The optimization of the argon - ethene plasma for the reduction of ArO* interference 
was stopped after 27 steps, and the optimal conditions found are given in Table 6.5. 
In the previous work with the addition of nitrogen and methane, interference removal 
was normally favoured by lowered forward power and increased nebulizer gas flow. 
This was again found in the case for ethene addition for the removal of ArO*. The 
detection limits for iron under these conditions are given in Table 6.6 and are 
compared with those found for methane addition and an all argon system. The 
detection limits for iron with the addition of ethene are essentially the same as those 
found for the addition of methane but these still represent a marked improvement over 
those obtained under typical conditions using an all argon plasma. The ArO* response 
was found to be slightly larger with ethene addition with a background equivalent 
concentration (BEC) of 4.5 ng cm"^  compared with that found with methane of 3.5 
ng cm'^ but the difference is not considered significant and is still far below the BEC 
of 63 ng cm*^  reported for the typical conditions.^® Figures 6.8a and 6.8b show 
calibration graphs obtained for the "Fe and "Fe isotopes and demonstrate that by using 
the optimal conditions, excellent calibrations can be obtained in the 1-100 ng cm*^  
range for iron isotopes, which are otherwise obscured by ArO* and ArOH"^. 
Results for the analysis of iron in two CRMs are shown in Table 6.7. It can be seen 
that good agreement between the certificate and measured values was obtained using 
the optimized conditions. Under typical all argon plasma conditions the values for iron 
were significantly lower due to the increased blank levels resulting from the increased 
ArO"*" response. 
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T A B L E 6.5: Simplex optimized conditions for the removal of ArO 
with the addition of ethene to the nebulizer gas of an argon I C P 
Parameter Value 
Gas flows/dm^ min *: Outer gas (a) 15.0 
Intermediate gas 1.11 
Nebulizer gas 0.75 
EUiene/% 0.27 
Forward power/W 1390 
Chiller water temperature/^C (a) 1-2 
(a) Fixed parameters 
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Table 6.6: A comparison of detection limits for iron with the addition of ethene 
and methane to the nebulizer gas and using typical conditions 
Isotope 
Operating conditions 
«Fe «Fe 
ng cm ' 
"Fe 
ng cm ' 
Ethene addition 8.5 0.48 3.4 
Methane addition 5.0 0.48 6.0 
Typical conditions 380 7.3 48 
Detection limits are quoted as 3a 
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Figure 6.8: Calibration for Fe at the simplex optimized conditions for the removal 
of ArO* with the addition of ethene to the nebulizer gas; A, '*Fe and B, "Fe. 
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Table 6.7: Iron concentration in a range of CRMs at (1) the simplex optimized 
conditions for ethene addition to the nebulizer gas for the removal of 
ArO*^ and (2) for typical operating parameters 
Levels found 
Sample (1) (2) Certified 
value 
Lobster pancreas (TORT-1) /xg g * 171 ± 6.7 89 ± 14.8* 186 ± 11 
Riverine water (SLRS-2) ng cm'^ 117 ± 3.0 92 ± 6.3** 129 ± 7 
a Data from reference 20 
b See Table 1 
Note: n=5, all values ± 1 S.D. 
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6.4.3 Simplex optimization of the argon-ethene plasma for the reduction of CIO"^ 
The optimal conditions defined for the removal of CIO* with the addition of ethene to 
the plasma are given in Table 6.8. Vanadium detection limits determined in the 
presence of increased levels of CI are given in Table 6.9. These detection limits are 
similar to those found with previous mixed gas studies, and are an improvement over 
an all argon system. Calibration of V down to 1 ng cm ' V in 33 mg cm"' chloride was 
performed easily. As with the As and Se, quantitative recoveries of a 50 ng cm ' V 
solution was possible at up to 10 mg cm ' chloride, the optimal conditions being a vast 
improvement on all argon conditions. 
The successful determination of vanadium in lobster tissue is shown in Table 6.10 
which also shows that under typical all argon plasma conditions the measured vanadium 
value is both less accurate and less precise. 
6.4.4 Simplex optimization of the argon-ethene plasma for the reduction of CeO* 
The optimal conditions for the removal of CeO* with the addition of ethene to the 
plasma are given in Table 6.11. These conditions were found to be somewhat different 
from all of the other sets of conditions determined for the other interferences, the lower 
nebulizer gas flow reflecting the fact that at both low and high nebulizer gas flows the 
CeO* response can be far greater than the Ce* parent ion response. The difference 
in the optimal conditions is further evidence of the different mechanisms operating for 
the formation and removal of MO* species. At the optimal conditions the Ce^/CeO* 
ratio was improved from a typical value of 20 to 470, the latter being equivalent to a 
percentage oxide level of 0.21%. This is some three times better than levels 
achievable with the addition of hydrogen or methane to the plasma. The reduction in 
the level of the CeO* is particularly impressive when it is remembered that there was 
no desolvation applied to the system, only a reduction in the spray chamber cooling 
204 
T A B L E 6.8: Simplex optimized conditions for the removal of CIO'*' 
with the addition of ethene to the nebulizer gas of an argon I C P 
Parameter Value 
Gas flows/dm^ min"*: Outer gas (a) 15.0 
Intermediate gas 1.08 
Nebulizer gas 1.55 
Ethene/% 0.41 
Forward power/W 1520 
Chiller water temperature/^C (a) 1-2 
(a) Fixed parameters 
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TABLE 6.9: Detection limits for vanadium at increasing chloride 
levels determined at the simplex optimized conditions for addition of 
ethene to the nebulizer gas for the removal of CIO* 
Chloride level Detection limit 
ng cm'' 
0 cm"' 0.15 
100 0.12 
1000 0.21 
10000 " 1.14 
33000 " 2.04 
All detection limits are quoted as 3<r 
206 
TABLE 6.10: Vanadium concentration in lobster pancreas CRM at (a) 
the simplex optimized conditions for ethene addition to the nebulizer gas 
for the r ^ o v a l of €10*^ and (b) for typical operating parameters 
Levels/found /ig g * 
Sample (a) (b) Certified 
value 
Lobster pancreas (TORT-1) /ig g ' 1.29 ± 0.07 2.54 ± 0.22' 1.4 ± 0.3 
a Data from reference 20 
Note: n=5, all values ± 1 S.D, 
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TABLE 6.11: Simplex optimized conditions for the removal of CeO 
with the addition of ethene to the nebulizer gas of an argon ICP 
Parameter Value 
Gas flows/dm^ min *: Outer gas (a) 15.0 
Intermediate gas 0.90 
Nebulizer gas 0.60 
Ethene/% 0.16 
Forward power/W 1330 
Chiller water temperature/**C (a) 1-2 
(a) Fixed parameters 
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water (measured as 1 in the water bath). The application of desolvation/ethene 
addition to increase the efficacy of CeO* removal was not possible however, because 
in the absence of water even the smallest amounts of ethene led to rapid deposition of 
carbon on the sampling cone. To test the tolerances of the conditions, detection limits 
were determined at the optimal and typical all argon plasma conditions for * ^ d and 
*'*Gd in the presence of increasing levels of Ce (0, 0.1, 4 and 10 fig cm'^ ). These data 
are presented in Table 6.12 and shows that at the higher Ce concentrations the 
optimized conditions are giving approximately a tenfold improvement in Gd detection 
limits. The recoveries for a similarly spiked 40 ng cm'^  Gd solution were also tested 
at the two sets of conditions and as demonstrated in Figure 6.9 the optimal conditions 
improved the recoveries of the Gd greatly, the CeO* only becoming significant at 
approximately 1 ng cm"^  for the *"Gd and 5 ng cm'^  for '^ ^Gd. A final test of these 
conditions was to investigate. percentage oxide formation, for various rare earth 
elements, again at the two sets of conditions identified above. The results of this study 
are demonstrated in Figure 6.10 where it can be seen that the reduction in oxide levels 
occurs across the whole range of REEs. Improvement factors range from 1.2 for Eu 
(0.05% oxide formation under typical conditions to 0.04% under optimal conditions) 
to 9.3 for Nd (1.7% to 0.18%). 
The final three simplex optimizations were undertaken on ArNa*, S02'*"/S2"*" and POj* 
which had not been extensively studied before in mixed gas work but recognized as 
potential problems particularly in the analysis of biological materials which are rich in 
the precursors of these interferences. 
6.4.5 Simplex optimization of the argon-ethene plasma for the reduction of NaAr^ 
The NaAr* interference on "Cu and a related sodium interference NajO* on *^Ni can 
present particular problems for the determination of these elements in both biological 
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TABLE 6.12: Detection limits for gadolinium at Increasing cerium levels determined at the shnplex optunized conditions for 
the addition of ethene to the nebulizer gas for the removal of CeO"^ , and under typical all argon plasma operating conditions 
Operating conditions Simplex conditions Typical conditions 
Gd isotope '"Gd '"Gd '"Gd '"Gd 
Cerium level ng cm'' ng cm ' ng cm ' ng cm ' 
0 ng cm ' 0.18 0.09 0.09 0.09 
0.1 0.45 0.21 0.93 0.21 
4 2.9 0.42 30 3.7 
10 6.9 0.90 81 9.5 
All detection limits are quoted as 3a 
Figure 6.9: Apparent '^Gd concentration with increasing concentrations of cerium at A Typical operating conditions and • 
Simplex operating conditions for the removal of CeO^ with the addition of ethene to the nebulizer gas. 
(0 a < 
750 
675 
I o 
GO 
C 
c 
o 
I 450 
o o 
600 
525 
375 
300 
S 225 
150 
75 
01 1 1 
Cerium concentration ug cm"^ 
10 
Figure 6.10: Percentage oxide formation (MO*/M* * 100) of a range of rare earth elements at A Typical operating conditions and 
• Simplex optimized conditions for the removal of CeO^ with the addition of ethene to the nebulizer gas. 
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and marine materials. It was suspected that these interferences could easily be 
removed by a mixed gas plasma technique as these species are similar to some already 
successfully removed. The optimization was completed in 18 steps and the optimal 
conditions are given in Table 6.13 and are seen to be similar to the conditions defined 
for the other Ar based interferences. Detection limits for * ^ i and "Cu were 
determined in increasing concentrations of Na (0. 1, 10, 100 and 1000 /xg cm'^ ) to 
assess the utility of these conditions and these are given in Table 6.14. It can be seen 
that increasing the concentration of Na has die most severe effect on the * ^ i isotope, 
which is a reflection of its low abundance (3.71%), and that this effect is greatiy 
reduced with the addition of ethene. The complete removal of the NaAr* interference 
is demonstrated by the "Cu detection limits at 0 and 1000 /xg cm'^  Na being essentially 
the same. To complete this set of experiments recoveries were once again tested for 
a 50 ng cm"' Ni and Cu solutions with increasing levels of sodium (0, 1, 10, 100 and 
1000 /ig cm"'). It was found that recoveries were better with the optimized conditions, 
particularly for the Ni. 
6.4.6 Simplex optimization of the argon-ethene plasma for the reduction of 
The use of H2SO4 as a digestion acid is common for the dissolution of a wide range of 
materials, and in addition to this, sulphur is ubiquitous in biological matrices. The 
introduction of sulphur into the plasma can however produce a range of quite 
substantial interferences based on the three isotopes of S in combination with O and H. 
Those that are most dominant are at °/, 48, 49 and 50 (mosUy SO"*"/SOH-*-) and "/, 64, 
65 and 66 (SOz'^/Sz'^/SOjHVSjH''). The latter set of interferents can obscure Uie 
determination of Cu and Zn. The optimum conditions obtained are given in Table 6.15 
and are in keeping with the other conditions defined for non MO"*^  interferences. At 
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TABLE 6.13: Simplex optimized conditions for the removal of NaAr' 
with the addition of ethene to the nebulizer gas of an argon ICP 
Parameter Value 
Gas flows/dm' min ': Outer gas (a) 15.0 
Intermediate gas 1.22 
Nebulizer gas 1.3 
Ethene/% 0.275 
Forward power/W 1540 
Chiller water temperature/**C (a) 1-2 
(a) Fixed parameters 
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TABLE 6.14: Detection limits for copper and nickel at increasing sodium levels determined at the simplex optimized 
conditions for addition of ethene to the nebulizer gas for the removal of NaAr* and under typical all argon plasma operating 
conditions 
to 
Operating conditions Simplex conditions Typical conditions 
Element «Ni "Cu «Ni *'Cu 
Sodium level ng cm ' ng cm ' ng cm ' ng cm"' 
0 ng cm ' 1.5 0.36 0.27 0.03 
1 1.0 0.18 2.0 0.24 
10 " 1.6 0.09 2.0 0.18 
100 " 2.8 0.15 1.8 0.24 
1000 " 11.0 0.5 44 8.6 
Detection limits are quoted as 3a 
TABLE 6.15: Simplex optimized conditions for the removal of SOj^/S^* 
with the addition of ethene to the nebulizer gas of an argon ICP 
Parameter Value 
Gas flows/dm' min ': Outer gas (a) 15.0 
Intermediate gas 1.26 
Nebulizer gas 1.4 
Ethene/% 0.31 
Forward power/W 1560 
Chiller water temperature/''C (a) 1-2 
(a) Fixed parameters 
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the optimal conditions the response at "/^ 64 was a few lens of ACPS as compared with 
several thousand under typical conditions. Table 6.16 shows the detection limits for 
**Zn, "Cu and with increasing levels of H2SO4 (0, 0.01. 0.1 and 1 %). It can be 
seen that the optimized conditions offer only modest improvements over the typical 
conditions. The value of ethene addition was demonstrated, however, with recovery 
tests for Cu and Zn with increasing levels of sulphuric acid (0, 0.01, 0.1 and 1%) an 
example of which is shown for "Cu in Figure 6.11. Whilst the optimized conditions 
give recoveries in excess of 100%, they are still a big improvement on the data 
obtained with typical all argon plasma conditions. 
6.4.7 Simplex optimization of the argon-ethene plasma for the reduction of POj"*" 
As with H2SO4, H3PO4 is a common digestion acid and phosphorus is also ubiquitous 
in biological matrices. Again as with sulphur, the introduction of phosphorus into the 
plasma can cause a number of interferences i.e POj* and POjH*. These, as with 802"*' 
etc. can obscure the determination of Cu and Zn. The optimum conditions from this 
simplex optimization are given in Table 6.17. At the optimal conditions the responses 
of PO2* and HjPOj^ were reduced about 100 fold. Table 6.18 shows the detection 
limits for "Cu with increasing levels of H3PO4 (0, 0.01, 0.1 and 1% V/V). At the 
highest spike of phosphoric acid the addition of ethene results in a 115 fold 
improvement in the "Cu detection limit and a 500 fold reduction in the BEC (9700 to 
21 ng cm'^). This was further shown in the recovery tests, where the quantitative 
recovery of 50 ng cm'^  Cu was possible at all levels of H3PO4 with ethene addition, but 
not at all with typical all argon plasma conditions, see Figure 6.12. 
6.5 The use of ethene to remove a suite of polyatomic interferences simultaneously. 
Having performed simplex optimization experiments successfully for seven common 
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TABLE 6.16: Detection limits for copper and zinc at increasing H2SO4 levels determined at the simplex optimized conditions 
for addition of ethene to the nebulizer gas for the removal of SOj^/Sj^ and under typical all argon plasma operating 
conditions 
Operating conditions simplex conditions Typical conditions 
Element «Zn «Cu «*Zn "Zn **Zn 
H2SO4 level ng cm ' ng cm"' ng cm ' ng cm"' ng cm ' ng cm"' 
0 percent V/V 0.48 0.12 0.45 0.78 0.27 0.69 
0.01 1.5 0.78 0.70 1.5 0.54 0.54 
0.1 1.5 4.5 0.93 4.0 1.9 1.4 
1 14 3.9 1.7 13 6.3 4.0 
All detection limits are quoted as 3a 
Figure 6.11: Apparent ^Zn concentration with increasing concentrations of sulphuric acid at A Typical operating conditions and 
• Simplex optimized conditions for the removal of SOz^/Sj* with the addition of ethene to the nebulizer gas. 
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TABLE 6.17: Simplex optimized conditions for the removal of PO2' 
with the addition of ethene to the nebulizer gas of an argon ICP 
Parameter Value 
Gas flows/dm^ min**: Outer gas (a) 15.0 
Intermediate gas 0.98 
Nebulizer gas 0.9 
Ethene/% 0.195 
Forward power/W 1440 
Chiller water temperature/*C (a) 1-2 
(a) Fixed parameters 
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TABLE 6.18: Detection limits for copper with increasing H}P04 levels 
determined at the simplex optimized conditions for the addition of etbene to the 
nebulizer gas for the removal of POj'^ and under typical all argon plasma 
operating conditions 
Operating conditions Simplex Typical 
H3PO4 Level conditions conditions 
ng cm"' ng cm"^  
0 percent V/V 0.87 0.87 
0.01 1.1 0.93 
0.1 0.87 4.7 
1 6.9 795 
All detection limits are quoted as 3a 
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Figure 6.12: Apparent ^^Cu concentration with increasing concentrations of phosphoric acid at A Typical operating conditions and 
• Simplex optimized conditions for the removal of POj^ with the addition of ethene to the nebulizer gas. 
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and severe polyatomic interferences, attention turned to the possibility of defining 
conditions which could remove or reduce all of these interferences simultaneously. 
Firstly an average of each of the conditions used were taken and these were compared 
with the defined conditions and the univariate searches that were undertaken for each 
of the optimizations. This made it possible to estimate the effect of moving from the 
defined optima for each of the interferences. For example consider the ArO* optimal 
conditions, i f the nebulizer gas was reduced to 0.9 dm^ min ' the figure of merit fell 
threefold, and this would be an inappropriate setting for compromize conditions. I f 
however the power for this optimization was reduced to 1300W then the figure of merit 
would remain unchanged and this would be appropriate for a set of compromize 
conditions. Applying this procedure it was possible to define a set of compromize 
conditions for the removal of all of the interferences, with the exception of CeO*, 
where the optimal conditions were found to be too far from the compromize conditions. 
These compromize conditions are given in Table 6.19. They were tested by 
determining the detection limits of all the elements that have been discussed in this 
chapter in a matrix of 0.1% sulphuric acid, 0.1% phosphoric acid, 1.0% hydrochloric 
acid and 1000 ctn'^ sodium. These data are given in Table 6.20 and demonstrate 
that the compromize conditions can greatly improve the removal of interferences for 
a whole suite of elements. 
6.6 Investigations into the use of ethene to enhance analyte responses 
As was discussed above, some enhancements were seen with the addition of ethene to 
the nebulizer gas flow and it was considered necessary to investigate these further. A 
ful l study of the effects of mixed gas plasmas on sensitivity is presented in Chapter 7. 
In these experiments the analyte and background responses of two groups of elements, 
both within a small mass window, were measured with increasing levels of ethene. 
The elements used are shown in Table 6.21 along with their mass, first ionization 
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TABLE 6.19: Compromize operating parameters used for the ICP-MS 
instrument with the addition of ethene to the nebulizer gas to remove 
polyatomic ion interferences 
Parameter Value 
Gas flows/dm^ min*'; Outer gas 15.0 
Intermediate gas 1.1 
Nebulizer gas 1.15 
Ethene/% 0.25 
Forward power/W 1425 
Chiller water temperature/°C 0-2 
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TABLE 6.20: Detection limits in a sulphuric add, phosphoric add, 
hydrochloric add and sodium matrix (0.1%, 0.1%, 1.0% and 0.1% respectively) for 
various analytes detennined at the compromize conditions for the addition of 
ethoie to the nebulizer gas and under typical all argon plasna opo^ting conditions 
Operating conditions Compromize Typical 
Element conditions conditions 
ng cm'^  ng cm*' 
Sly 4.3 66.5 
«Fe 19.3 110 
«Fe .5.8 13.4 
25.0 320 
«Ni 2.0 23.0 
«Cu 1.5 4.1 
"Zn 4.2 19.0 
"Cu 1.6 7.02 
«Zn 2.4 6 
"As 1.1 — 
«Se 11.6 127 
"Se 5.3 — 
^Se 2.2 65 
All detection limits are quoted as 3o — Not determinable (100 ng cm"' std < blank) 
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Table 6.21: Elements used in studies of analyte enhancement 
with ethene addition 
Element 
Mass First ionization 
energy/eV 
Percentage 
ionization 
Co 59 7.86 93 
Zn 64 9.391 75 
As 75 9.81 52 
Se 78 9.75 33 
Au 197 9.22 51 
Tl 205 6.166 100 
Hg 200 10.43 33 
Pb 208 7.415 97 
Bi 209 7.287 92 
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potential and percentage ionization. The analyte and background responses, together 
with the SBR and detection limits for these elements is given in Table 6.22. It was 
found that some of the elements were enhanced by the addition of ethene and that these 
were generally elements with a low ionization efficiency. The addition of just 0.1 % 
V/V was found to enhance die response of As, Se, Au and Hg, but the same level of 
ethene generally reduced the response of the other elements Le, those which have a 
high ionization efficiency. This seems to imply that the addition of ethene is improving 
the ionization efficiency of the plasma, perhaps by some charge transfer process. What 
is important to note is that the background also increases for those elements which are 
enhanced, and this generally leads to a degradation in die SBR and detection limits. 
These findings support what has already been discussed in Section 1.2.3, i.e. that 
enhancements in gross signal by the addition of foreign gases is usually accompanied 
by an increase in background and is hence of littie or no value. 
6.7 Discussion 
6.7.1 Applications and comparison with previous work 
This work has demonstrated that a wide range of interferences, ArCl*, ArO"*", CIO* 
CeO*, ArNa*, and SOz^/Sj"", may be greaUy reduced or indeed completely removed 
by the addition of etiiene to the nebulizer gas. It is speculated tiiat most of the other 
PIIs encountered in ICP-MS could also be overcome by the use of this gas with an 
appropriate optimization procedure. The all round utility of ethene addition has again 
been supported by the analysis of certified reference materials, and the improved 
detection limits and enhanced recoveries obtained. Analytically, the scope for the use 
of the addition of ethene is very broad, however, safety considerations may dictate 
whether it is used it or not. 
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Table 6.22: Responses, SBRs and d^ection limits of selected elemoits with and 
without the addition of ethene to the nebulizer gas. 
% Ethene 
Element 
0% 0.1% 0.3% 0.5% 
Co Response/Back. 
SBR 
Detection limit 
1351747/252 
5363 
0.07 
669109/257 
2603 
0.08 
361464/228 
1584 
0.99 
205383/165 
1515 
0.18 
Zn Response/Back. 
SBR 
Detection limit 
157100/277 
566 
0.46 
118610/184 
628 
0.18 
84149/184 
457 
1.9 
59863/147 
407 
0.3 
As Response/Back. 
SBR 
Detection limit 
31172 
1074 
0.45 
122741/234 
524 
0.56 
64455/135 
476 
1.3 
38094/80 
476 
0.28 
Se Response/Back. 
SBR 
Detection limit 
9358 
366 
1.34 
28229/92 
306 
0.48 
12577/53 
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1.7 
6064/40 
171 
4.4 
Au Response/Back. 
SBR 
Detection limit 
299666/282 
1062 
0.13 
433930/636 
681 
0.27 
333923/736 
454 
0.30 
ND 
71 Response/Back. 
SBR 
Detection limit 
795104/1368 
580 
0.02 
731667/2022 
361 
0.28 
583975/1654 
352 
0.71 
ND 
Hg Response/Back. 
SBR 
Detection limit 
79539/891 
88 
2.1 
112703/1386 
80 
1.6 
88819/1654 
57 
3.0 
ND 
Pb Response/Back. 
SBR 
Detection limit 
633469/434 
1459 
0.09 
614109/524 
1171 
0.05 
492229/397 
1240 
0.08 
ND 
Bi Response/Back. 
SBR 
Detection limit 
913863/246 
3714 
0.08 
1063248/458 
2321 
0.30 
860964/382 
2254 
0.16 
ND 
ND Not Determined. Detection limits are ng cm ' 
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The choice of available gases for addition to the ICP has been broadened by these 
studies. In some circumstances nitrogen may be preferable since it is both inert and 
extremely cheap. Hydrocarbon gases require the simple safety measures appropriate 
for a flammable gas /.e. flashback arrestor, safe venting of unbumt gas and so on. 
Ethene has been shown to be of immense value for the removal of a suite of 
interferences and it would appear that the optimal use of ethene can be applied simply 
and effectively to nearly all of the polyatomic interferences in ICP-MS. Ethene is 
certainly the most effective of the gases studied with respect to the removal of 
interferences and is, in analytical terms, more favourable than nitrogen, methane or 
hydrogen. 
6.7.2 Implications of ethene addition data on elucidating the mechanisms for 
interference removal 
The success of the ethene addition in removing PIIs is probably due to similar 
processes to those taking place when methane is added to the plasma. The added 
ethene may give rise to various carbon based species, as discussed in Section 4.5.2, 
and these would be proportionately more common with ethene than with the addition 
of methane. I f these species are important in reducing the levels of PIIs by reducing 
their degree of ionization, this would explain the increased efficacy of ethene with its 
larger populations of these species. The other possible explanations for interference 
removal discussed in Section 4.5.2, in relation to methane addition, such as changes 
to plasma shape and competitive formation are equally applicable to the addition of 
ethene. 
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6.8 Conclusions 
The addition of ethene to the nebulizer gas can be used to remove most of the 
polyatomic interferences encountered in ICP-MS. Ethene addition is at least as good 
as the addition of methane and nitrogen, and in many cases is significantly better, in 
terms of improved detection limits, recoveries, calibrations and CRM analysis. The 
use of ethene addition has led to improvement in the determination of As, Cu, Fe, Gd, 
N i , Se, and V in the presence of the relevant interference precursors. Most 
importantly it has been shown that a whole range of interferences can be reduced 
simultaneously with the addition of ethene. 
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CHAPTER SEVEN 
THE USE OF MIXED GAS PLASMAS 
TO ENHANCE ANALYTE SENSITIVITY 
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CHAPTER SEVEN: THE USE OF M I X E D GAS PLASMAS TO ENHANCE 
A N A L Y T E SENSITTVITY 
7.1 Introduction 
Absolute sensitivity in ICP-MS is controlled by the generation of ions in the plasma 
and the sampling and transmission of these ions through the interface region and ion 
optics into the mass analyzer and finally to the detector. This generation of ions is 
linked to the plasma power and the nebulizer gas flow, whilst the extraction and 
transmission of the ions is linked to the ion optic settings, all of which have to be 
optimized to achieve the maximum signal to background ratios (SBRs). 
The optimization of these various conditions is typically performed using a single 
element, often indium. This single element optimization is often considered to be 
disadvantageous to the application of ICP-MS in the multi element mode of operation, 
as it is detrimental to the response of elements at the extremes of the mass range. In 
addition, the optimization is usually performed as a series of cyclical univariate 
optimizations and this relies on a skilled operator to achieve maximum signal. 
The key plasma operating parameters, with regard to sensitivity, are the nebulizer gas 
flow and the forward power applied to the plasma. The nebulizer gas has been shown 
to define very sharp optima for all analyte elements,*' *® and this reflects the role of the 
nebulizer gas in altering the region of maximum ion population, the normal analytical 
zone (NAZ) of the plasma. The rale of the nebulizer gas flow also affects the size of 
the random background under the analyte peaks. The forward power affects the 
position of the NAZ as well as the ionization temperature of the plasma, both of which 
influence analyte and background responses. Once generated, the ions are sampled 
through a two stage interface before entering the ion optics, which are essentially a 
232 
series of electrostatic lenses. The ICP-MS instrument used for this study has six lenses 
as well as a photon stop (to prevent excessive continuum background from high energy 
photons) and a differential aperture. This is illustrated in Figure 7.1. The optimization 
of the ion beam is again a complex process with all of the lens settings acting in an 
interrelated manner, with die additional interaction of the plasma settings prior to 
extraction. 
To further complicate the issue of sensitivity in ICP-MS, recent reports have shown 
that the addition of a molecular gas to the plasma can be used to bring about an 
increase in SBRs. These reports add a further element to the already complex 
optimization procedure that has to be employed. None of the reports on molecular 
gases which show such enhancements have used a rigorous optimization routine such 
as simplex optimization. 
There is obviously a need for the optimization of these variables to be performed using 
a method that accounts for their inter-dependence. Simplex optimization is an obvious 
choice for this and has been employed already in ICP-AES both to improve detection 
limits and reduce interferences'" *" and aid organics analysis'"*. All of tiiese studies 
optimized the plasma operating conditions with, where appropriate, manual tuning of 
the lens settings after each iteration. To date few reports have used simplex, or 
comparable multivariate methods, to optimize the ion optics. Schmit and Chauvetle'" 
successfully optimized the ion optics of their instrument (Sciex Elan) to improve ion 
transmission across the mass range, and Evans and Caruso"^ have used the same 
approach to reduce the effects of a 10000 fig cm'' U matrix solution. 
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Figure 7.1: Schematic diagram of the ion optics system in the VG plasmaquad. 
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7.2 Sensitivity enhancement with aqueous sample introduction 
7.2.1 Introduction 
It was thought appropriate to investigate fully the use of mixed gas plasmas as a means 
of enhancing analyte signals in an attempt to clarify the confusing reports detailed 
above. To achieve this, simplex optimization based on a multi-element figure of merit 
was employed. 
7.2.2 Experimental 
Using the VG instrument the settings of the six lenses as well as the pole bias, *;^ hich 
controls the quadrupole, are controlled by a series of digipots, which read 
incrementally from 0.00 - 10.00. These settings relate to voltage applied to the lenses, 
which fall within the following ranges: Extraction -100 V to -1000 V; collector and L l -
L4 -150 V to +150 V and pole bias -30 V to +30 V. 
Standard solutions diluted to a final concentration of 100 ng cm'^ were prepared for Be, 
Bi , Co, Au, L i , In, Rb, Tb, Te and U . Blank solutions were prepared to match the 
standard solutions, being 2% nitric acid solutions (ARISTAR grade, Merck) made with 
de-ionized, distilled water. Blank solutions also contained 100 ng cm'^  Ce as a marker 
to ensure the blank solution was being detected and was stable. 
A variable step size simplex optimization procedure was applied to the optimization of 
the nebulizer gas flow rate, forward power, added gas (if used), extraction, collector, 
L I and L3 lenses, using maximum SBR using a multi-element figure of merit discussed 
below. The other operating and ion optic parameters were known from experience to 
have little influence on the SBR so were excluded from the simplex optimization to 
save time. The extraction lens was assigned an upper boundary below its working 
235 
maximum, as it is known that at high extraction lens settings, secondary discharges can 
occur in the. interface. Start conditions for the lenses were set according to defaults 
given by the manufacturer. The optimization was deemed to have run to completion 
when n + 1 (Le, 1 or 8) vertices agreed to within 5%. On completion the defined 
optimum conditions were tested by the use of univariate searches. 
The figure of merit (FoM),that was used in this experiment was based on the SBRs of 
ten elements across the mass range, which had a range of first ionization potentials, as 
shown in Table 7.1. A concentration of 100 ng cm"^  was used for all of these 
elements. It was necessary to use a suite of elements as the optimization was 
attempting to enhance the SBRs across the whole of the mass range. In addition the 
SBR was chosen as it is easy to increase analyte sensitivity, i.e. by increasing the 
forward power, but this will also increase the random background at the analyte mass 
and hence reduce SBR. It was necessary however, to take the FoM one step further. 
It was considered that merely summing the SBRs was going to be of limited use as an 
FoM, and it was feared that bias towards high response elements might occur. For 
example, at increased nebulizer gas flows (i.e. 1.2 dm^ min *) the Li signal can be in 
the order of 10,000,000 area counts per second (ACPS) compared with an indium 
value of 500,000 ACPS. This problem had previously been considered by Ebdon and 
Carpenter**^ for the optimization of trace and minor species by ICP-AES. To 
overcome the problem a FoM was defined that removed the bias explained above, i.e, 
n / E (SBR)-^-^ 
where n is the number of elements used in the optimization. The effectiveness of this 
FoM is demonstrated in Table 7.2 where the effect of increasing and decreasing the 
236 
TABLE 7.1: Elements used in the simplex optimization for maximum SBR with 
and without the addition of foreign gases to the ICP 
Element Mass First ionization potential eV 
Li 7 5.39 
Be 9 9.32 
Co 59 7.86 
Rb 85 4.18 
In 115 5.79 
Te 130 9.01 
Tb 159 5.98 
Au 197 9.22 
Bi 209 7.42 
U 238 6.08 
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TABLE 7.2: Example of sensitivity of simplex figure of 
merit to changes in analyte SBR where analyte response varies 
Decrease SBR Increase SBR 
Element* lOx 2x Original FoM 2x lOx 
. Be 18.15 29.39 33.17 36.09 39.72 
Au 20.45 30.24 33.17 35.27 37.86 
Bi 23.67 31.25 33.17 34.45 35.96 
U 28.35 32.31 33.17 33.70 34.31 
a in order of increasing response 
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SBR of four elements (Be, Hi, Au and U) is shown. This is based on data from one 
of the simplex optimizations. A further advantage of the SBR based FoM was that 
instrumental drift was not a problem since it was incorporated in to the optimization. 
7.2.3 Simplex optimization of an all argon plasma to achieve maximum SBRs 
across the whole mass range 
The optimization was completed in 34 steps, which took approximately five hours. 
The optimal conditions are given in Table 7.3 (note the fixed parameter settings are 
given in Table 7.4). This obviously takes an extensive period of time but this reflects 
the complex interaction of all of the variables, and as correctly stated by Evans and 
Caruso"^ when considering this point, the use of univariate searches would also be 
time consuming with no guarantee of the true optimum being defined. After the 
completion of the optimization, the defined parameters were tested by the use of 
univariate searches, as demonstrated in Figures 7.2a-7.2f. Firstly it can be seen from 
these graphs that all of the univariate searches have well defined optima, and generally 
speaking, significant variation from these optima leads to a rapid fall in the FoM. 
Secondly it is apparent that the optima defined in the univariate searches do not always 
agree exactly with those defined by the simplex optimization. This, however, is not 
significant as in most cases the difference is both small and is within the bounds of the 
values of the stopping conditions. The large value for the FoM for the collector lens 
was not found to be repeatable, so was not considered a problem. The defined 
conditions lie fairly close to the starting conditions and this is reflected in the fact that 
the FoM increased by just 50% through the course of the optimization. 
One objective test of these conditions is to measure the detection limits of the elements 
that contributed to the FoM, and to compare these with detection limits obtainable 
using the manual univariate optimization approach. This manual optimization was 
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TABLE 7.3: Simplex optimized conditions for maximum signal to background 
ratios for a range of elements using an all argon plasma. Also shown are 
the conditions obtained by tunmg on '*"Ce 
simplex 
Parameter 
All argon 
plasma (1) 
All argon 
plasma (2) 
Nebulizer gas/dm' min * 1.09 1.01 
Power/W 1518 1500 
Percentage added gas (v/v) — — 
Extraction/V 1.22 1.53 
Collector/V 7.38 7.85 
L l /V 8.12 8.17 
L3/V 5.91 5.99 
The all argon plasma (1) is simplex optimized, the all argon plasma (2) is manually 
tuned on '^Ce. 
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TABLE 7.4: Settings for operating parameters not included in simplex 
optimization 
Parameter Setting 
Outer gas/dm^ min ' 15.0 
Intermediate gas/dm' min ' 1.0 
Lens 2' 3.8 
Lens 4* 1.5 
Pole bias' 8.0 
a Digipot settings 
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Figure 7.2: Univariate search of A, nebulizer gas flow and B, forward power at 
simplex optimized conditions for the maximization of the multi-element figure of 
merit with the other operating parameters held constant. The solid arrow is the 
optimal setting, and the dashed arrows show the range of values at the stop 
conditions 
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Figure 7.2: Univariate search of A, extraction lens voltage and B, collector lens 
voltage at simplex optimized conditions for the maxunization of the multi-element 
Figure of merit with the other operating parameters held constant. The solid 
arrow is the optimal setting, and the dashed arrows show the range of values at 
the stop conditions 
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Figure 7.2: Univariate search of A, L I lens voltage and B, L3 lens voltage at 
simplex optimized conditions for the maximization of the multi-element figure of 
merit with the other operating parameters held constant. The solid arrow is the 
optimal setting, and the dashed arrows show the range of values at the stop 
conditions 
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performed using the gross response of the *^e isotope which is a relatively easily 
ionized laying close to the mid-mass point. The optimal conditions defined by this 
approach are given in Table 7.3, and can be seen to be similar to those defined by the 
simplex optimization. Detection limits for these two sets of conditions are given in 
Table 7.5. It can be seen that the two sets of data are very similar and this once again 
reflects the similarity in the two sets of operating conditions. The simplex tuned 
conditions do give an improvement at the lowest masses, (i.e. Li and Co), and this is 
no doubt a function of the higher nebulizer gas flow used in these conditions, which 
improved low mass transmission in the instrument used for this study. Another reason 
for the slight improvement at the bottom end of the mass range is the lower extraction 
voltage used in the simplex conditions, as increasing the extraction voltage will lead 
to increased random (continuum) background. The agreement between the two sets of 
conditions is in contrast to that found by Schmit and Chauvette'", who reported 
improvements in ion transmission ranging from 33 - 380% when comparing simplex 
optimized with manually tuned conditions. Comparisons between the two reports can 
not be made due to a number of differences between the two. In their work, Scmitt 
and Chauvette used a different instrument, with different ion optics and transmission 
characteristics, (i.e. the very low transmission at the top of the mass range is opposite 
to the situation with our instrument). In addition the authors did not include the plasma 
operating parameters in their optimization. What is signiflcant about the similarity in 
the two sets of conditions is that the commonly held belief that manual tuning of the 
ICP-MS is detrimental to the signal at the extremes of the mass range has not been 
supported. The implication is that careful optimization of the ICP-MS on a mid-mass 
element can define conditions which are applicable to the whole mass range. 
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TABLE 7.5: Detection limits (ng cm~^ for a range of elements using 
sunplex optimal conditions for all argon plasmas 
Optimization 
Element 
All argon plasma 
'simplex' tuning 
All argon plasma 
'manual' tuning 
Li 0.23 0.51 
Be 0.036 0.035 
Co 0.015 0.024 
Rb 0.11 0.11 
In 0.021 0.017 
Te 0.19 0.21 
Tb 0.011 0.003 
Au 0.62 0.38 
Bi 0.022 0.013 
U 0.010 0.008 
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7.2.4 Simplex optimization of mixed gas plasmas to achieve maximum SBRs across 
the whole mass range 
Mixed gas plasmas were generated by the addition of nitrogen, methane and hydrogen 
to both the nebulizer and outer gas flows of the ICP. Simplex optimizations were 
performed in the same manner as described above, but owing to the extra variable took 
slightly longer to run to completion. With the exception of nitrogen, experiments with 
the addition of gases to the outer flow proved to be unsuccessful, with the simplex 
optimization failing to define optimal conditions even after 30 vertices. This is 
interesting as some of the reports of analyte enhancement have been with the addition 
of gases to the outer flow. In these experiments it was found that enhancements in 
gross signal did occur, but this was matched by a rise in the random background at the 
same mass, and hence the SBR was reduced. The addition of nitrogen to the outer did 
result in a set of optimized conditions, but it was found through the univariate searches 
that the nitrogen concentration in the outer gas had no effect on the overall figure of 
merit, and hence was not a significant parameter. The addition of nitrogen, and indeed 
other gases to the outer was not investigated further. 
The addition of nitrogen, hydrogen and metiiane to the nebulizer gas was however, 
more successful, and the optimal conditions for these gases are given in Table 7.6. 
Univariate searches were performed as described above, and showed clearly defined 
peaks which corresponded closely to the optimal values described by the simplex 
procedure. Once again all of the optimized parameters proved to be significant in 
defining the optimal conditions, but in die case of nitrogen addition, the extraction and 
collector lenses were found to be far less sensitive than normal, with relatively flat 
plots being produced. This difference may relate to the physical change in the plasma 
with the addition of nitrogen, that is the widening of the central channel. Alternatively 
the differences may relate to changes in ion energies within the ion optics. 
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TABLE 7.6: Simplex optimized conditions for maximum signal to background 
ratios for a range of elements using nebulizer gas addition mixed gas plasmas. 
Simplex 
Parameter 
nitrogen/argon 
plasma 
Hydrogen/argon 
plasma 
Methane/argon 
plasma 
Nebulizer gas/dm' min * 1.00 1.18 1.075 
Power/W 1495 1475 1569 
Percentage added gas (v/v) 0.52 1.32 0.03 
Extraction' 1.18 1.34 1.24 
Collectoi^ 8.46 7.96 7.8 
L I ' 8.60 8.27 7.97 
U ' 6.02 5.55 5.54 
a Digipot setting 
248 
Detection limits were once again calculated using the defined conditions and these are 
given in Table 7.7. Generally it was found that when compared with the all argon 
system, the detection limits for these three sets of conditions showed little or no 
improvement, indeed the four sets are not significantly different from each other. This 
rather broad statement does however mask some of the underlying information 
obtained. The addition of nitrogen was seen to degrade the detection limits of the 
poorly ionized elements, for example Au 1.45 ng cm'^  with nitrogen addition and 0.62 
ng cm'^  without, and to either improve or not affect the detection limits of the more 
easily ionized elements. Nitrogen is known to reduce the ionization temperature of the 
plasma and probably reduced its ionization efficiency which has the most dramatic 
effect on the more poorly ionized elements. This is somewhat supported by the data 
for the other two mixed gas plasmas where hydrogen, which increases the ionization 
temperature of the plasma by increasing thermal conductivity, is present. The Au and 
Te detection limits are seen to be unaffected or improved by the addition of hydrogen 
and methane. The addition of hydrogen and methane does indeed increase the gross 
response of most elements, although this is matched by a rise in random background 
and this is demonstrated in the degraded detection limits obtained for the light mass 
elements where the continuum background is most intense. Again this is supported by 
the nitrogen data, where the less ionizing plasma resulted in a lowered continuum 
background at the low mass, especially for Li . 
As stated above there is a difference in opinion as to whether adding gases to the ICP 
can increase sensitivity. In the conflicting reports nitrogen, xenon, hydrogen, and 
methane have been added to the nebulizer and outer gas flows of different ICP-MS 
instruments. This conflict of opinion has been to a certain extent reflected in the 
experience in our laboratories, where we have seen both enhancements and 
suppressions with all of the gases used (nitrogen, methane, ethene and hydrogen). 
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TABLE 7.7: Detection limits (ng cm"^ for a range of elements using simplex 
optunized conditions for nebulizer gas addition mixed gas plasmas 
Simplex 
Element 
Nitrogen - argon 
plasma 
Hydrogen - argon 
plasma 
Methane - argon 
plasma 
Li 0.040 0.86 0.18 
Be 0.043 1.1 0.20 
Co 0.026 0.011 O.Oil 
Rb 0.060 0.55 0.040 
In 0.020 0.025 0.041 
Te 0.41 0.19 0.18 
Tb 0.010 0.024 0.011 
Au 1.4 0.95 0.21 
Bi 0.027 0.057 0.14 
U 0.004 0.019 0.009 
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These enhancements and suppressions were however, only observed during the course 
of univariate searches. It has been suggested that added gases may be effective by 
increasing the ionization capabilities of the plasma, or by reducing the formation of 
MO* species or by charge transfer processes involving species such as CO* and NO*. 
Whilst the above processes do occur, they have not conclusively been shown to be the 
source of the enhancements that have been reported. Of those authors who have found 
additions of gas to the ICP to be beneficial, only Louie and Yoke Peng Soo**** quoted 
improvements in terms of SBR. The other authors reported improvements in signal 
with no reference to the response of the background at the same mass. It has been 
shown already that, in this study, increases in gross signal were seen, but these were 
matched by an increase in background. The data reported by Louie and Yoke Peng 
Soo*^ * with the addition of nitrogen and hydrogen to the argon gas inlet, yielding only 
modest improvements in SBR, with some SBRs being degraded, is similar to the results 
obtained in this study. In contrast to this data, Craig and Beauchemin*°, who measured 
the effect of nitrogen addition to the outer gas flow, found that SBRs were degraded 
for all elements, except those which suffered polyatomic interferences. 
The real potential for mixed gas plasmas as sensitivity enhancers may be in conjunction 
with desolvated 'dry' plasmas. In a standard 'wet' plasma the dominant ions, after the 
Ar*, are H* and O* from the solvent, and the concentration of these is far in excess 
of those derived from the added gas. In a desolvated plasma where the H* and O* 
concentrations are far lower, the effects on various plasma parameters, such as 
ionization temperature, would be far more apparent. 
7.2.5 Discussion and conclusions 
It has been shown that it is possible to use simplex optimization to define the plasma 
operating parameters and ion optics settings for a commercial ICP-MS instrument, to 
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offer maximum SBRs for elements across the mass range. It has been further shown 
that on the instrument used for this study, simple manual tuning of the instrument does 
not result in a significant drop in SBRs, when compared with the simplex optimized 
conditions. These findings are contrary to previous results on the use of a single 
element tuning procedure for this multi-element technique. Finally, it has been shown 
that if a rigorous optimization procedure is employed, the addition of molecular gases 
to the ICP does not result in any significant improvements in SBRs and detection limits 
when compared with the all argon system. 
7.3 Sensitivity enhancement with laser ablation sample introduction 
7.3.1 Introduction 
The application of laser ablation (LA) as a means of directly introducing solid samples, 
into an inductively coupled plasma - mass spectrometer (ICP-MS), avoiding lengthy 
sample preparation procedures, is becoming more widely accepted. Whilst there is the 
obvious advantage of reduced sample preparation time, LA-ICP-MS does have a 
number of limitations as discussed in Section 1.4. The inherentiy poor response Uiat 
is obtained when a completely dry plasma is used is particularly a problem. A possible 
method of enhancing sensitivity is to increase the volume of sample that is ablated and 
hence introduce more sample to the plasma per unit time. This can be achieved by 
increasing the shot repetition rate. This approach, however, is being precluded by the 
trend in LA-ICP-MS to the use of smaller laser spot sizes, typically 10 /tm, which 
allows the analysis of single crystals and fluid inclusions in geological samples. The 
use of a smaller spot size means that much less material enters the plasma hence 
reducing the response. Some previous reports have found that the addition of hydrogen 
to a dry plasma can lead to enhancements in sensitivity and this was considered worthy 
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of further investigation. 
7.3.2 Experimental 
A standard PQ2+ and a modified VG PQ2+ instrument, enhanced with the fitting of 
high performance pumping on the expansion stage, were used. A modified VG 
laserlab, utilizing a UV laser at 266nm was used. Gas addition was achieved via a 
swirl chamber attached to die base of the torch, which allowed the argon nebulizer gas 
flow and ablated sample to mix thoroughly with the added gas flow before entering the 
plasma. The total gas flow was controlled by the use of a 100 cm' min'* hydrogen 
mass flow controller (Tylan, Swindon, UK). 
All analyses used a certified reference glass, NIST 612 (National institute of Standards 
and Technology, Gaithersburg, Maryland, USA), which is spiked with approximately 
fifty elements to a nominal concentration of 50 fig g *. 
A range of experiments were undertaken with all argon and mixed gas plasmas 
comparing the various instrumental set-ups: 
I Initial univariate studies 
II Comparison of the effect of the nebulizer gas with hydrogen added pre and post 
ablation cell. 
III Optimization of the all argon and mixed gas systems for analyte enhancement. 
Only parameters that would have a direct influence on the response were included in 
the optimization procedure, which in practice, meant the nebulizer gas flow and the 
amount of added gas. This meant that the all argon system, witii its single critical 
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parameter, was opdniized using a simple univariate method, rather than the simplex 
method. The laser parameters were left constant for two reasons; firstly it had been 
shown that the enhancement was a plasma process and not a result of the hydrogen 
affecting the ablation process, and secondly because it is known that increasing the 
laser shot rate will cause more material to enter the plasma and hence increase the 
response, and this can not be considered as analyte enhancement. The simplex 
optimization used a figure of merit designed to avoid bias towards elements with high 
response at the expense of those with low response or vice versa. This is given below 
and is modified from that used in Section 7.2.2. 
n / E (Response per ppm) -0.7 
This figure of merit was based on the response of B, Co, Sr, La, Er and U. The ion 
lenses were tuned in such a way as to achieve maximum response across the mass 
range and produce as flat a response curve as possible, even if this meant a slight loss 
in sensitivity at the high mass in favour of the low mass. This optimization procedure 
was used in all experiments and was applied to both the standard and modified 
instruments. 
7.3.3 Initial studies 
The initial studies undertaken prior to the simplex optimizations were of a simple 
univariate nature and were used to show which gases would be of use in enhancing the 
signal. These searches showed that the addition of hydrogen to the nebulizer gas led 
to improved SBRs for low mass elements, whilst leaving the heavier elements 
unaffected. The searches also showed that post or pre ablation cell hydrogen addition 
made no difference to signal to background ratios. The addition of nitrogen was of 
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some use in enhancing the analyte signals but not to the same extent as hydrogen. 
7.3.4 Optimization of mixed gas plasmas to achieve maximum SBRs across the 
whole mass range. 
A number of the instrument's operating parameters were kept constant as discussed 
above, and these are given in Table 7.8. The optimal nebulizer gas flow for the all 
argon system is given in column one of Table 7.9 and is consistent with previous 
experience. The high nebulizer flow no doubt reflects the long transfer line between 
the laserlab and the plasmaquad. A report of the gross signal at these conditions is not 
given here since they varied with time, due to deposition of material on the cones and 
the drift of the instrument. When comparison of the all argon and mixed gas systems 
was needed, the two runs were undertaken consecutively to avoid this problem. 
Column two of Table 7.9 gives the optimal conditions for the addition of nitrogen as 
defined by the simplex procedure. Table 7.10 gives the response obtained for selected 
elements and the enhancement factor compared with the all argon system. It was found 
that this enhancement was very modest, in the order of 10-25%. 
The addition of hydrogen was undertaken with both standard interface pumping and 
enhanced pumping. The optimized operating conditions are given in columns 3 and 
4 of Table 7.9 respectively. The hydrogen was found to have a broad optimum range 
with changes of up to at least 5 cm' min ' having no effect on the figure of merit. 
Table 7.11 gives the elemental responses, and the enhancement factors over the all 
argon system, for hydrogen addition at both pumping rates, using optimal operating 
parameters. It can be seen that the addition of hydrogen brings about an enhancement 
of analyte signal across the entire mass range, with the exception of the heaviest 
elements. This enhancement is greatest at the low masses i.e. boron 23.7 times with 
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Table 7.8: Instnuneatal operating parameters ftxed during 
LA-ICP-MS optimization experiments 
Parameter Value 
Outer gas flow/dm^ min * 14.0 
Intermediate gas flow/dm^ min ' 0.5 
Forward power/W 1350 
Laser *power7V 1050 
Laser shot rate/Hz 7.00 
Laser focus At Surface 
Laser mode Q Switched 
256 
Table 7.9: Optimized instrumental parameters for maximum response with 
the addition of nitrogen and hydrogen to the nebulizer gas, and for an all argon 
system 
Added gas 
Parameter 
None Nitrogen Hydrogen'' Hydrogen* 
Nebulizer gas flow/dm^ 
min* 
1.25 1.11 1.23 1.27 
Added gas flow/dm' min** — 0.007' 0.015 0.025 
a Read value only not corrected for Hj MFC 
b standard instrument 
c modified instrument 
257 
Table 7.10: Elemental responses and enhancement factors, relative to all argon 
response, for the addition of nitrogen to the nebulizer gas 
Element Response CPS Enhancement factor 
B 108823 1.08 
Co 288605 1.32 
Cu 184688 1.36 
Sr 446469 1.22 
La 480591 1.24 
Er 499884 1.09 
Th 223056 1.08 
U 202985 0.84 
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Table 7.11: Elemental responses and enhancement factors, relative to all argon 
response, for the addition of hydrogen with standard and modified instruments 
Standard Enhanced 
Element Response Enhancement Response Enhancement 
Be 135790 20.4 165863 9.9 
B 156021 23.7 226907 10.6 
Mg 355201 14.6 347335 3.7 
V 349106 10.9 324866 3.3 
Co 153906 9.5 201772 3.3 
As 60309 11.4 170836 5.4 
Sr 388500 4.8 854313 2.4 
Ag 23330 11.4 58220 2.3 
In 128775 3.2 349067 1.6 
La 133683 2.7 418340 2.0 
Tb 137583 1.8 535284 1.7 
Er 41563 1.6 156380 1.6 
Tl 15693 1.3 72450 1.2 
Bi 42386 1.4 219072 1.2 
U 41818 0.95 189865 1.2 
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the standard instrument and 10.6 times with the modified instrument. This is important 
as under elevated interface pumping the low mass response is reduced relative to the 
other masses. In effect the hydrogen flattened the response curve of the instrument, 
restoring the low mass response. It was found that the standard instrument generally 
gave bigger enhancements than the modified instrument, however, the modified 
instrument gives a higher absolute response for most elements. This is a reflection of 
the fact that the modified instrument is relatively more sensitive than the standard 
instrument, hence reducing the effect of the hydrogen. At the optimal conditions there 
was no evidence of any MH* species being formed and the random background was 
not enhanced by the hydrogen as has been found in studies using 'wet' plasmas. 
7.3.6 Discussion 
The reasons why the hydrogen causes this enhancement are as yet unclear. The 
hydrogen may increase the breakdown of the ablated particles by making the plasma 
hotter and hence promoting thermal decomposition. This process is however non 
specific and would tend to cause enhancements as a function of boiling point, and this 
is not the case, as is shown in Figure 7.3. It has been shown already that hydrogen 
can enhance the ionization temperature in the plasma and this may be the cause of 
enhancements. This would seem to be supported by the fact the As, Be and B, all 
poorly ionized elements are greatiy enhanced, however, Co, Mg and V are also 
enhanced and these elements have a high degree of ionization in the plasma. The most 
obvious relationship is that between enhancement factor and mass, as shown in Figure 
7.4a. Basically as the mass increases the degree of enhancement decreases. This is 
shown clearly in Figure 7.4b, where an exponential fit has been applied to the data for 
die standard system (the data for As and Ag have been excluded) and the correlation 
coefficient is 0.985. This relationship between mass and enhancement factor may 
reflect changes to the ion beam, with the hydrogen giving rise to a 'positive' matrix 
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to 
Figure 7.3: Relationship between enhancement factor and boiling point for several elements with the 
addition of hydrogen to • standard LA-ICP-MS, and A an enhanced LA-ICP-MS 
S 20 
500 1000 1500 2000 2500 
Boiling point °C 
Figure 7.4: A, Relationship between enhancement factor and mass for several 
elements with the addition of hydrogen to • standard LA-ICP-MS, and A an 
enhanced LA-ICP-MS and Exponential fit to standard LA-ICP-MS data. 
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effect. This is somewhat supported by the fact that increases with nitrogen, although 
modest, are better at the low mass end. The actual cause of the enhancement may be 
a combination of all three of the above processes, but the latter is probably the most 
important. 
7.3.7 Conclusions 
It has been found that the addition of a relatively small amount of hydrogen to the 
nebulizer gas can lead to an enhancement in the signal obtained using laser ablation 
sampling. This enhancement was found to be greatest for low mass elements, the 
hydrogen having little effect on the heavy mass element signal. This effect was found 
to flatten the response curve obtained with laser ablation sampling and in conjunction 
with enhanced interface pumping was considered of value in studies using microprobe 
laser ablation. 
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CHAPTER EIGHT: CONCLUSIONS AND SUGGESTIONS FOR FURTHER 
WORK 
8.1 Conclusions 
The aim of this project was to systematically investigate the use of mixed gas plasmas 
for the removal of spectroscopic and non-spectroscopic interferences in ICP-MS. This 
has been successfully completed and in addition the use of such plasmas to enhance 
sensitivity using both wet and dry systems has been assessed. 
The addition of nitrogen to all three gas flows for the reduction of chloride based 
polyatomic species has been investigated. It was found that nitrogen was analytically 
most useful when added to the nebulizer gas, but was also of some value when added 
to the outer gas flow. The addition of nitrogen to the intermediate gas flow was found 
to be of no practical value. The addition of nitrogen, particularly to the nebulizer gas 
flow, led to the reduction of the ArCr interference to background levels, and this 
allowed As, Se and V detection limits to be improved over those obtained using 
standard conditions and for the analysis of seawater to be for As facilitated 
The addition of methane, again to all three gas flows, allowed the range of 
interferences that could be removed by the use of mixed gas plasmas to be broadened. 
Once again it was found that the gas addition was most effective in the nebulizer gas 
and indeed methane addition to both the intermediate and outer gas flows proved to be 
of little use. These findin^allowed subsequent work to focus purely on the addition 
of the added gases to the nebulizer gas flow. The addition of methane proved to be 
highly effective at removing several common polyatomic ion interferences. The 
removal of ArCl* was improved over that using nitrogen addition and facilitated As 
detection limits in the 1 ng cm-^  region in a 10% HCl matrix. Se and V detection 
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limits were similarly improved over those obtained with a standard or nitrogen addition 
system. Qualitative recoveries of As, Se and V in high chloride matrices was only 
possible if methane addition was employed. The ArO* species which usually precludes 
low level iron determinations in ICP-MS was also successfully removed with the 
addition of methane and facilitated a detection limit for the main isotope of iron of 0.48 
ng cm"'. All of the above analyses were successfully validated by the determination 
of these elements in certified reference materials. Finally the levels of MO"*", 
specifically CeO* was reduced tenfold by the addition of methane to a. level of 0.6%. 
In contrast to the previous studies on mixed gas plasmas, the addition of hydrogen 
proved less successful. When hydrogen^added to the nebulizer gas only the MO* 
interferences were removed, the other interferences previously studied all being 
enhanced relative to the standard system. This dichotomy is interesting since the MO* 
interferences are thought to be formed in the plasma whilst the other interferences are 
thought to be formed in the interface. This provided some insight into the possible 
mechanisms involved as discussed below. With regard to the reduction of the metal 
oxide interferences, the hydrogen performed similarly to the methane with CeO* levels 
in the order of 0.5%. 
The final gas studied with respect to interference effects was ethene. This was added 
to the nebulizer gas and the range of interferences studied was extended further. The 
levels of ArCr , ArO*, CIO*, CeO*, NaAr*, SOj^/Si* and PO2* were substantially 
reduced and in most cases completely removed. The As, Se and V detection limits 
obtained in high chloride matrices were far better than those previously reported, with 
those of As in the range of 200 - 300 pg cm"' in the presence of 33 mg cm ' . CeO* 
levels were reduced to 0.2% and the addition of ethene was shown to reduce the levels 
of MO* for all of the rare earth elements. The complete removal of NaAr*, S02* /S2* 
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and POj* was achieved and allowed massive improvements in detection limits and 
recoveries for Cu, Ni and Zn. Importantly a set of compromize conditions were 
established where all but the CeO* interference could be removed simultaneously. 
The use of mixed gas plasmas for analyte enhancement has been investigated for both 
aqueous and dry sample introduction. For the aqueous sample introduction the effects 
of methane, nitrogen and hydrogen were assessed and compared to an all argon system. 
It was found that when the SBR was used as the figure of merit to optimize each 
system, there was no effective difference between the conditions obtained and hence 
the gases proved of no value for improving the SBRs and detection limits. For the dry 
sample introduction system when using laser ablation to introduce samples, it was 
found that hydrogen could be used to enhance the response for most elements, 
particularly the low mass elements. 
In all of the above studies, simplex optimization has been used to define the optimal 
conditions as appropriate for the application that was being investigated. It was found 
that simplex optimization was an effective means of rapidly identifying operating 
parameters that would reduce interferences or achieve analyte enhancement. 
All of the work undertaken has allowed some insight into the fundamental processes 
that are occurring in the ICP-MS to remove polyatomic interferences. One important 
finding was that hydrogen only worked to remove the plasma derived MO* 
interferences whereas all of the other gases investigated reduced all interferences 
including those formed in the interface region. This may reflect the different effects 
that these gases have on the plasma temperature. For example, hydrogen increases 
ionization temperature of the plasma and this may enhance levels of the pooriy ionized 
polyatomic interferences whilst at the same time the increased energy may be 
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promoting the thermal breakdown of the MO* species. The other gases studied reduce 
the effective ionization capabilities of the plasma and hence would suppress the 
ionization of the polyatomic species. Also in these mixed gas systems are species such 
as NO*, CHj* and CH3* and many others, which all have first ionization energies 
lower than the common interferent ions, and hence suppress their formation. The 
competitive formation of alternate polyatomic species is a possible explanation of the 
removal of the interferences, but this is considered too simplistic an explanation to 
explain these processes. Variations in the various regions of the plasma and barrel 
shock (IRZ, NAZ and Mach disc) with the addition of various gases are probably 
important in reducing interferences, particularly when the influence of the operating 
parameters on the interference populations are considered. 
A further property greatiy affected by the addition of foreign gases to the plasma is the 
ion energies of the analyte and interferent ions. A brief study of this was made by 
estimating the ion energies and distributions using the stopping potential of the 
quadrupole rods. From the plots generated in this study the average and maximum ion 
energies and also the ion energy spread could be estimated, ( A K E , K E and KEMAX)-
These values were measured for analytes and interferents under Uie following 
conditions; standard - all argon plasma, ethene addition for ArO* removal, ethene 
addition for CeO* removal, hydrogen addition for CeO"*" removal and nitrogen addition 
for ArCr removal. The data obtained is presented in Table 8.1. 
It would be unwise to draw too many conclusions from this data due to the nature of 
its acquisition, however it does give some indications as to what is occurring when 
gases are added to the plasma. The two most important parameters measured were the 
average K E and the spread of K E ( A K E ) . If the values obtained for the analyte and 
interference at a similar mass are very different then the reduced interferent signal may 
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Table 8 . 1 : Average ion energy. A K E , and K E „ . for various species with 
different operating parameters see text for details 
1 KE «KE KE'*** 1 " «KE 
•All Afgon' Be 1 -4.0 10.9 6.3 •Eihene (CeO)* Be -1.2 9.3 6.75 
'Hydrosen' Be 1.4 19 14.3 
C o l -1.0 6.7 6.7 Co -5.S I6.S 3.3 
Co 6.75 7.5 14,3 
Ce 1 -4.1 8.0 4.3 Ce 1.6 8.25 9.5 • Ce 6.0 lO.O is.e 
U 2.2 8.1 6.3 U 2.25 8.9 11.5 
U 5.0 9.5 15.3 
ArO -2.0 6.S 5.5 ArO -3.0 10.25 4.0 
AfO 4.25 7.75 10.8 
Ar, -4.6 8.3 4.0 Ar, -3.73 8.8 4.6 
Ar, 3.8 9.3 12.6 
CcO -3.6 9.2 1.0 CeO •2.0 
9.4 5.0 CeO 7.5 7.6 
10.8 
' N , • Argon" Be 1 M.8 IS.8 24.5 Eihcrte (ArO)' Be 5.75 14.2 18.0 
— Not meaiuTol , / 
Co 1 3.0 11.0 13.8 Co 12.8 9.8 21.8 
Cc 0.73 lO.O 10.0 Cc 5.3 7.8 13.2 
U 2.25 9.2 10.8 U 3.9 9.3 12.3 
ArO 1 3.4 9.6 I4.S ArO 11.25 8.25 18.0 
Ar, 1 I.2S 10.8 8.5 Ar, 9.0 11.5 19.0 
CeO j ... — CeO — — 
be due to poor transmission of the interference relative to the analyte. The data 
acquired however does not clearly show this, although it is clear from this data, 
however is that the addition of a foreign gas, particularly when using operating 
conditions to remove interface derived interferences, has a dramatic effect on ion 
energies. 
8.2 Suggestions for further work 
Future work in the field of mixed gas plasmas in ICP-MS may be seen to fall into two 
categories; desolvation in conjunction with mixed gas plasmas and fundamental studies. 
The use of desolvation to remove the water loading on the ICP will allow for more 
effective interference removal to take place, as many of the interferences are oxygen 
and/or hydrogen based. In addition the reduction of two of the major species in the 
plasma after Ar will mean that the relative size of the added gas population will be 
greater and this too should improve the removal of the interference. It is envisaged 
that the gases hydrogen and nitrogen would be most appropriate for such studies, as 
the organic gases cannot be used due to carbon deposition. Interference removal of 
species such as ArO"*", ClO"^  and MO* will benefit most from the coupling of 
desolvation to mixed gas plasmas 
Partially desolvated plasmas with added gases may also be used to promote analyte 
enhancement. It has been shown that this is not possible in wet plasmas but may be 
very effective in dry plasmas. Careful control of the water loading of the plasma could 
identify the critical water loading with respect to analyte signal. The water could be 
supplemented with a mixed gas or alternatively totally replaced by it. Such careful 
control over the water loading would also allow some interesting fundamental studies 
to be made in which the role of water and its derivative species could be assessed. A 
comparison of the removal of interferences by mixed gases at various water levels 
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could also be made. 
Other fundamental work which could be carried out includes a more thorough 
investigation of the effect of added gas on ion energies. This work, to be effective 
would need to employ a more accurate form of measurement such as a stopping grid 
in front of the quadrupole. Measurement of the relationship between plasma 
temperature (especially Tj^J and species such as NO"*" etc, which may act as ionization 
suppressants could also give an insight into the mechanisms of interference removal. 
A more careful and rigorous study into the processes taking place in the interface is 
also vital and in particular would need to consider the size and shape of the barrel 
shock and mach disc as well the processes occurring within the mach disc itself. 
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Appendix I: Meetings attended, and associated visits 
i Royal Society of Chemistry: 'The origin and evolution of the atmosphere' Dr 
R. P. Wayne, Polytechnic South West. 19/10/90 
ii Research Visit: NERC mass spectrometry facility. University of Swansea, 10/90 
iii Royal Society of Chemistry: 'Bizymes in organic chemistry' Dr D. H. G. 
Grout. Polytechnic South West, 16/11/90 
iv Royal Society of Chemistry: 'Chemical manufacturing and the environment' Dr 
R. J. Perriman, Polytechnic South West, 17/1/91 
V Atomic Sf)ectrometry group meeting: 'Sample introduction techniques for atomic 
spectrometry', Laboratory of the Government Chemist, London, 11/90 
vi Atomic spectrometry group meeting: 'Analysis of geological samples by ICP-
MS', Keyworth, Notts., 1/91 
vii Atomic spectrometry updates/Atomic spectrometry group joint meeting: 
'Alternative plasma sources', Polytechnic South West, 28/3/91 
viii British Association: 'Science 91', Polytechnic South West, 25-30/8/91 
ix Royal Society of Chemistry: 'Analytical aspects of water quality', Polytechnic 
South West. 28/8/91 
X VG Elemental: User group meeting. Market Bosworth, 11/92 
xi Royal Society of Chemistry: 'Water privatization; The challenge to the 
analytical chemist', Dr H. Parry, University of Plymouth, 12/92 
xii Science and Engineering Research Council: Graduate School, Brunei University, 
London, 17-22/5/93 
xiii Department of Environmental sciences: 'Chemistry of natural and polluted 
environments group seminars', Polytechnic South West/University of Plymouth, 
1990-1993 
xiv Research Visits: FI Elemental, Winsford, Cheshire. 1990-1993 
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Appendix 11: Oral and poster presentations 
i 'Further investigations into the use of nitrogen addition to the ICP to reduce the 
ArCr interference on arsenic'. Poster presented at 'Research and Development 
Topics in analytical Chemistry', Aberdeen, 9-10/7/91 
ii 'The application of nitrogen addition to ICP-MS to reduce the CIO* interference 
on V\ Poster presented at 'The Fourth Surrey Conference on Plasma Source 
Spectrometry', Guildford, 14-19/7/91 
iii 'The addition of methane to the nebulizer gas of an ICP for the removal of the 
ArCl •*• imerference \ Poster presented at 'Research and Development Topics in 
analytical Chemistry', Birmingham, 7-8/7/92 
iv 'The use of nitrogen addition to the nebulizer gas flow of an ICP in conjunction 
with laser ablation sample introduction to enhance analyte signals'. Poster 
presented at 'Sixth Biennial National Atomic Spectroscopy Symposium', 
Plymouth, 22-24/7/92 
V 'The addition of methane to the nebulizer gas of an ICP for the removal of 
polyatomic interferences'. Lecture presented at '3"* International conference on 
Plasma Source mass spectrometry'. Durham, 24-28/9/92 
vi 'Mixed gas plasmas for the removal of polyatomic ion interferences'. Lecture 
Presented at '1993 Winter Conference on Plasma Spectrochemistry', Granada, 
Spain, 10-15/1/93 
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vii 'Investigations into the use of mixed gas plasmas for the removal of support gas. 
Solvent and matrix derived interferences in ICP-MS\ Lecture presented at the 
'28* Colloquium Spectroscopicum Internationale'. York, 29/6/93 - 4/7/93 
viii 'The use of ethene addition for the removal of polyatomic ion interferences in 
1CP-MS\ Lecture presented at 'The Fifth Surrey Conference on Plasma Source 
Spectrometry', Chester Le Street, 4-6/7/93 
ix 'The use of mixed gas plasmas for the removal of polyatomic ion interferences 
in ICP-MS', Lecture presented at 'Research and Development Topics in 
analytical Chemistry', Bradford, 13-14/7/93 
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Appendix n i : Papers published 
i 'Determination of arsenic in samples with high chloride cement by 1CP-MS' 
Journal of Analytical Atomic Spectrometry, 1991, 6, 151. 
ii 'Further investigations into the addition of nitrogen in ICP-MS to reduce the 
ArCr imerference on arsenic* Analytical Proceedings, 1992, 22, 104. 
iii 'Simplex optimization of nitrogen - argon plasmas in ICP-MS for the removal 
of chloride based interferences' Journal of Analytical Atomic Spectrometry, 
1992, 7, 719. 
iv Investigations into the application of methane addition to the nebulizer gas in 
inductively coupled plasma - mass spectrometry for the removal of polyatomic 
interferences', Journal of Analytical Atomic Spectroscopy, 1992, 7, 1157. 
V 'Hydrogen addition to the nebulizer gas for the removal of polyatomic ion 
interferences in inductively coupled plasma - mass spectrometry', 
Microchemical Journal. In press 
vi 'Evaluation of 'ethene addition to the nebulizer gas in ICP-MS for the removal 
of matrix, support gas and solvent based derived polyatomic ion imerferences\ 
Applied Spectroscopy. In press 
vii 'Simplex optimization of the operating parameters and ion optics of an 
inductively coupled plasma mass spectrometer with pure argon and doped argon 
288 
plasmas, using a multi-element figure of merit \ Submitted to Analytica 
Chimica Acta. In press 
viii 'The addition of hydrogen to the nebulizer gas of an /CP, in conjunction with 
laser ablation sampling, to enhance analyte signals'. In draft 
ix 'A critical review of the use of mixed gas plasmas in ICP-MS'. In draft 
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•EVEN BAD BOOKS ARE BOOKS, 
AND THEREFORE SACRED' 
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